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ABSTRACT 


One  of  the  greatest  threats  during  peacekeeping  operations  is  buried  low-metal  mines 
on  roads.  The  Canadian  Department  of  National  Defence  (DND),  as  many  other  equiva¬ 
lent  organizations  around  the  world,  initiated  important  efforts  to  develop  a  multisensor 
teleoperated  mine  detection  vehicle  under  the  Improved  Landmine  Detection  Capability 
(ILDC)  to  solve  this  problem.  One  of  the  sensors  evaluated  for  this  project  is  the  IR 
imaging  technology.  This  document  reports  the  results  of  many  trials  performed  during  the 
last  1  1/2  year  and  models  developed  from  these  results  to  characterize  the  capabilities  of 
this  technology.  The  fundamental  variables  dictating  the  formation  of  the  buried  mine  IR 
signature  are  identified  and  a  monitoring  technique  predicting  the  optimum  performance 
of  the  technology  is  proposed.  From  especially  designed  trials  to  simulate  the  scenarios 
addressed  by  the  ILDC  project,  the  detection  efficiencies  and  the  false  alarm  rates  on 
packed  gravel  and  sand  roads  at  different  times  of  day  are  measured.  From  these  results,  it 
is  observed  that  the  best  performance  is  obtained  at  night  and  on  packed  gravel  road.  In 
addition,  the  performance  of  the  technology  in  winterlike  weather,  on  shady  roads,  and  for 
many  other  external  conditions  of  interest  for  the  ILDC  project  are  investigated. 


RESUME 


Une  des  plus  grandes  menaces  durant  les  operations  de  maintien  de  la  paix  est  la 
presence,  sur  les  liens  routiers,  de  mines  enfouies  contenant  peu  de  metal.  Le  ministere 
de  la  Defense  nationale  (MDN)  du  Canada,  a  I'instar  de  plusieurs  organismes  similaires 
d’autres  pays  confrontes  a  ce  probleme,  a  entrepris  un  projet  important  afin  de  developper 
un  vehicule  telecommande  equipe  de  capteurs  multiples.  Le  programme  vise  a  ameliorer  la 
capacity  de  detection  de  mines  enfouies  et  porte  l’appellation  “Improved  Landmine  Detec¬ 
tion  Concept  (ILDC)”.  Une  des  technologies  evaluees  dans  le  cadre  de  ce  programme  est 
la  technique  d' imager ie  infrarouge  (IR).  Ce  document  regroupe  les  resultats  de  plusieurs 
essais  rdalisds  durant  les  dix-huit  derniers  mois  et  expose  les  modeles  ddveloppes  a  partir  de 
ces  resultats  afin  d’evaluer  la  capacite  de  cette  technique  IR  a  detecter  les  mines  enfouies 
contenant  de  faibles  quantites  de  metal.  On  a  identifie  les  variables  fondamentales  con- 
tribuant  a  la  signature  IR  des  mines  enfouies  et  on  propose  une  technique  permettant  de 
predire  les  periodes  durant  lesquelles  la  detection  est  optimale.  A  partir  d’essais  e  lab  ores 
specialement  pour  simuler  les  scenarios  visds  pax  le  programme  ILDC,  l’efficacite  de  la 
methode  de  detection  et  le  taux  de  fausses  alarmes  sur  les  routes  de  sable  ou  de  gravier 


P502142.PDF  [Page:  6  of  120] 


UNCLASSIFIED 

ii 


compact^  sont  e values.  De  ces  resultats,  on  a  observe  que  les  performances  optimales  de 
cette  technique  etaient  obtenues  durant  la  nuit  et  sur  les  routes  de  gravier  compacte.  Fi- 
nalement,  ce  document  presente  les  performances  de  cette  technologie  dans  des  conditions 
hivernales  sur  des  routes  ombragees,  ainsi  que  dans  plusieurs  autres  conditions  externes  qui 
sont  d’un  grand  interet  pour  le  programme  ILDC. 
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EXECUTIVE  SUMMARY 


With  the  important  involvement  of  Canada  in  United  Nations  peacekeeping  o- 
perations,  exposure  to  low-metal  and  nonmetallic  buried  landmines  has  been  identified  as 
the  most  important  threat  to  Canadian  soldiers  by  the  Department  of  National  Defence 
(DND).  Already,  the  demining  operations  on  communication  roads  caused  many  casualties. 
Moreover,  an  estimated  5  million  mines  buried  in  Bosnia  alone  1  and  85-110  millions  in  62 
countries  2  contribute  to  emphasize  the  severity  of  the  situation. 

At  the  present  time,  the  Canadian  Forces’  (CF)  mine  detection  capability  is  based 
exclusively  on  the  well-known  electro-magnetic  technology,  which  is  inefficient  against  low- 
metal  and  nonmetallic  buried  landmines,  and  the  hand-held  prodder,  which  is  slow,  labour 
intensive,  and  shows  limited  detection  efficiencies.  Furthermore,  available  foreign  equip¬ 
ments  offer  no  better  capability.  In  response  to  this  situation,  DND  initiated  an  important 
effort  to  develop  a  teleoperated  multisensor  mine  detection  vehicle:  the  Improved  Landmine 
Detection  Capability  (ILDC)  program.  This  vehicle,  designed  with  a  low- ground  pressure 
feature,  is  likely  to  support  four  detection  technologies:  Minimum  Metal  Mine  Detection 
(MMMD),  Ground  Penetrating  Radar  (GPR),  Thermal  Neutron  Activation  (TNA),  and 
InfraRed  (IR)  Detection.  This  document  reports  experimental  and  theoretical  work  per¬ 
formed  during  the  last  year  and  a  half  to  evaluate  the  characteristics  and  capabilities  of  one 
of  these  sensors,  the  IR  detection  technology. 

From  the  experimental  results  gathered  to  evaluate  exclusively  the  capability  of 
IR  detection  technology,  two  main  components  responsible  for  the  formation  of  the  IR 
signature  of  a  buried  mine,  the  heat  flow  between  the  atmosphere  and  the  soil  and  the 
heat  impedance  anomaly  created  by  the  buried  mine,  are  identified.  Derived  from  these 
concepts,  a  prediction  tool,  the  temperature  gradient  in  the  soil,  is  identified  as  being  a 
valuable  parameter  to  monitor  the  optimum  conditions  under  which  IR  technology  will 
perform  at  its  best.  Under  these  optimum  conditions  (night-time  being  the  best  period), 
detection  efficiencies  as  high  as  100  %  for  anti-tank  mines  and  75  %  for  antipersonnel  mines 
were  observed  with  a  false  alarm  rate  under  1  per  10  meters  travelled.  Furthermore,  it  was 
observed  that  IR  technology  could  detect  landmines  several  months  after  they  were  buried 
and  at  depths  of  10  cm  or  less. 

1Quoted  from  the  journal  Defence  News  of  July  8-14,  1996: Countermine  technologies  flow  from  increased, 
threat  by  Pat  Cooper. 

2 Quoted  from  a  May  1995  TTCP  paper  by  H.N.  Hambric  from  Night  Vision  &  Electronic  Sensors 
Directorate. 
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With  the  results  reported,  the  author  believes  that  IR  technology  should  become 
a  valuable  detection  tool  for  the  ILDC  project  in  which  data  fusion  between  technologies 
will  improve  the  overall  detection  capability  to  the  point  where  it  reduces  considerably  the 
threat  of  low-metal  and  nonmetallic  buried  landmines  on  roads.  The  ILDC  project  aims  at 
developing  an  XDM  that  would  be  re-engineered  under  external  contract. 
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1.0  INTRODUCTION 

For  the  last  15  years,  with  the  increase  of  peacekeeping  activities  in  countries 
decimated  by  civil  wars  and  other  social  disturbances,  the  interest  in  mine  detection  and 
clearance  has  risen  considerably.  To  support  the  international  effort  to  solve  this  critical 
problem,  the  Canadian  Department  of  National  Defence  (DND)  has  put  together  a  team  of 
experts  to  design  and  build  a  multisensor  teleoperated  mine  detection  vehicle,  the  Improved 
Landmine  Detection  Capability  (ILDC)  vehicle.  One  critical  sensor  of  this  vehicle  is  a 
passive  infrared  (IR)  camera.  From  the  recent  works  published  by  many  organizations 
(RECON/OPTICAL  Inc.  (Refs.  1  and  2),  Wackenhut  Advanced  Technology  Corp.  (Ref.  3), 
WES  (Ref.  4),  ERIM  (Ref.  5),  LLNL  (Refs.  6  and  7)),  it  is  well  accepted  that  IR  technology 
has  good  capabilities  to  detect  metal-free  buried  mines.  However,  little  has  been  done  to 
quantify  its  detection  efficiency,  its  sensitivity  to  false  alarms,  or  its  performance  behaviour 
to  surrounding  natural  conditions.  The  purpose  of  this  document  is  to  provide  some  answers 
to  these  questions.  Moreover,  most  of  the  information  (modelling  and  trials)  reported  has 
been  gathered  while  keeping  in  mind  the  operational  scenarios  of  interest  for  the  ILDC 
program.  This  report  is  organized  as  follows. 

In  Chapter  2.0,  the  mechanisms  behind  the  detection  of  buried  landmines  with  an 
IR  imager  are  investigated.  The  two  main  components  responsible  for  the  formation  of  the 
IR  signature  of  a  buried  mine,  the  heat  flow  between  the  atmosphere  and  the  soil  and  the 
heat  impedance  anomaly  created  by  the  buried  mine,  are  identified.  Moreover,  the  two 
types  of  heat  impedance  anomalies  associated  with  a  buried  mine,  the  surface  and  volume 
thermal  effects,  are  described.  To  represent  quantitatively  the  interaction  between  the  heat 
flow  dynamism  and  the  thermal  anomaly  associated  with  a  buried  mine,  two  models  are 


P502142.PDF  [Page:  12  of  120] 


UNCLASSIFIED 

2 


proposed:  a  general  model  defining  the  main  components  of  the  buried  mine  thermodynamic 
system  and  a  simplified  model  derived  from  the  general  model  and  developed  especially  to 
address  the  operational  scenarios  of  the  ILDC  program.  From  this  simplified  model,  a 
prediction  tool,  the  temperature  gradient  in  the  soil,  is  identified  as  a  valuable  parameter 
to  monitor  the  optimum  conditions  under  which  IR  technology  will  perform  at  its  best  to 
detect  low-metal  buried  landmines. 

Chapter  3.0  describes  the  instrumentation  used  to  evaluate  experimentally  the  cha¬ 
racteristics  of  IR  technology  for  the  detection  of  low-metal  buried  mines.  The  technical 
specifications  of  the  different  IR  cameras  (MWIR  and  LWIR) ,  as  given  by  the  manufacturers, 
are  reported.  Also,  the  temperature  probe  characterizing  the  heat  flow  between  the  soil  and 
the  atmosphere  and  the  mobile  platform  reproducing  the  operational  scenarios  defined  by 
the  ILDC  program  are  detailed.  Finally,  the  material,  the  “Adiprene  L-100”  made  by 
Uniroyal  Inc.,  selected  to  build  the  IR  surrogates  is  discussed. 

Chapter  4.0  reports  a  series  of  trials  performed  to  evaluate  experimentally  the  ca¬ 
pabilities  of  the  IR  technology  to  detect  low-metal  buried  landmines  on  packed  gravel  and 
sand  roads  under  different  environmental  conditions.  This  chapter  is  composed  of  two  main 
sections.  First,  Section  4.1  contains  static  trial  results  in  which  the  expected  apparent 
temperature  contrasts  of  a  buried  mine  in  relation  with  the  time  of  day,  the  depth  of  the 
mine,  and  the  geographic  changes  sure  investigated.  In  parallel  with  these  measurements, 
the  validity  of  the  models  and  its  derived  monitoring  technique  proposed  in  Chapter  2.0 
are  evaluated.  Second,  Section  4.2  shows  multiple  experimental  results  obtained  from  trials 
designed  to  simulate,  as  close  as  possible,  the  scenarios  of  interest  for  the  ILDC  program. 
For  that  reason,  most  trials  reported  in  this  section  are  performed  with  the  IR  camera 
in  movement  (dynamic  trials)  and  a  human  operator.  With  these  trials,  the  important 
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parameters  associated  with  the  use  of  IR  detection  technology  as  the  apparent  tempera¬ 
ture  contrast  thresholds  of  detection,  the  detection  efficiencies,  and  the  false  alarm  rates 
are  evaluated.  In  addition,  the  variations  of  these  parameters  (detection  efficiencies  and 
false  alarm  rates)  in  a  winterlike  environment  are  characterized.  Also  in  this  section,  the 
influence  of  specific  features  like  shady  roads,  temperature  gradient  spatial  correlations, 
winds,  road  gradings,  spatial  structures  of  the  IR  signatures,  and  the  IR  surrogate  validity 
for  IR  detection  technology  are  discussed.  Finally,  the  last  two  sections  report  important 
results  on  the  practicality  of  the  technology  for  the  ILDC  program  and  comparative  tests 
between  the  MWIR  and  the  LWIR  to  detect  buried  landmines. 

After  Chapter  4.0,  a  discussion,  in  which  the  main  questions  of  interest  for  the  ILDC 
program  are  addressed,  is  presented.  Most  information  provided  in  this  section  is  derived 
from  the  theoretical  and  experimental  results  found  in  the  previous  chapters.  Finally,  a 
conclusion  summarizing  the  important  aspects  of  the  detection  of  buried  landmines  by  IR 
imaging  is  presented. 

Occasionally  in  this  report,  specific  questions  of  interest  for  the  ILDC  committee  will 
be  debated.  In  order  to  reduce  the  clumsiness  of  this  comments  for  non-initiated  readers, 
these  sections  will  be  preceded  by  the  expression  “ILDC  Notes:”.  With  this  notice,  the 
readers  will  have  the  possibility  to  read  or  to  skip  these  sections  depending  on  their  interest. 

A  patent  application  for  the  use  of  the  temperature  gradient  as  a  tool  to  predict 
IR  contrasts  of  buried  objects  has  been  filed.  This  work  was  carried  out  at  DRES  bet¬ 
ween  September  1994  and  November  1995  under  Project  D6300,  the  Improved  Landmine 
Detection  Capability  (ILDC)  project. 
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2.0  THEORETICAL  CHARACTERIZATION  AND  MODELLING 

It  is  well  known  (Refs.  6,  8  and  9)  that  the  use  of  IR  technology  to  detect  buried 
landmines  is  highly  dependent  on  the  environmental  conditions  and  time  of  day.  To  make 
this  technology  usable  for  the  defence  community,  it  is  then  necessary  to  characterize  its 
behaviour  and  to  identify  the  periods  during  which  the  technology  performs  adequately.  To 
achieve  this  goal,  this  chapter  describes  what  we  believe  is  at  the  origin  of  the  formation 
of  the  IR  signature  of  buried  landmines.  Moreover,  two  models  are  proposed  to  represent 
the  mechanisms  dictating  the  IR  signature  formation.  From  these  models,  a  parameter, 
the  temperature  gradient  in  the  soil,  is  identified  as  a  tool  to  monitor  the  optimum  detec¬ 
tion  periods.  A  method  to  evaluate  this  temperature  gradient  is  described  and  has  been 
performed  in  the  different  trials  presented  in  Chapter  4.0. 

2.1  Mechanisms  Behind  the  IR  Signature  Formation  of  Buried  Mines 

To  understand  the  basic  mechanisms  describing  the  thermal  characteristics  of  the 
IR  signature  associated  with  buried  mines,  two  main  principles  are  identified.  They  are: 

•  uniform  heat  flow  at  the  soil  surface, 

•  uniform  temperature  at  sufficient  depth. 

The  first  principle  addresses  the  surfaces  of  soil  showing  equivalent  optical  properties  (as 
road  sections)  and  submitted  to  similar  surrounding  conditions  (sun  radiation,  air  tempe¬ 
rature,  etc.).  Under  these  conditions,  this  principle  simply  states  the  necessary  equivalence 
in  the  energy  absorbed  and  transferred  to  the  deeper  layers  for  all  these  soil  surfaces.  On  the 
other  hand,  the  second  principle  is  supported  by  the  natural  lateral  heat  diffusion  which 
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contributes  to  homogenize  the  soil  temperature  with  increasing  depth.  With  these  two 

principles,  the  general  origin  of  the  formation  of  the  temperature  difference  between  the  soil 

surface  above  a  buried  mine  and  on  the  surrounding  soil  surface  (which  we  refer  to  as  the 

IR  signature  of  the  buried  mine  when  observed  with  a  thermal  imager)  is  relatively  simple 

to  visualize.  This  temperature  contrast  is  generated  by  the  local  increase  of  the  heat  flow 

resistivity  created  by  the  presence  of  the  mine  and  all  secondary  thermal  effects  3  associated 

with  it  in  reaction  with  the  heat  exchange  between  the  atmosphere  and  the  soil.  During  a 

usual  24- hour  period,  this  heat  exchange  follows  a  cycle  (see  Fig.  1).  At  optimum  day  (OD) 

time,  sun  radiation  and  warmer  air  temperature  are  the  principal  contributors  to  the  heat 

transferred  into  the  ground.  At  that  period,  the  higher  heat  resistivity  of  the  buried  mine 

site  will  create  a  local  increase  of  the  temperature  gradient  in  the  soil  to  allow  an  equivalent 

heat  flow  with  the  surrounding  soil  surface.  Keeping  in  mind  the  second  principle,  uniform 

temperature  at  sufficient  depth,  this  implies  that  the  soil  surface  above  the  buried  mine  will 

become  warmer  than  the  surroundings.  This  state  is  referred  to  as  the  positive  temperature 

contrast  IR  signature.  Through  the  day,  the  transferred  heat  is  accumulated  in  the  deeper 

layer  of  the  soil  where  the  temperature  raises.  At  optimum  night  (ON)  period,  when  the 

amount  of  received  heat  from  the  atmosphere  is  highly  reduced,  the  stored  heat  of  the 

deeper  layer  is  redirected  to  the  soil  surface  by  diffusion  where  it  is  lost  to  the  atmosphere 

by  radiative  and  convection  processes.  During  that  period,  the  locally  higher  heat  resistance 

of  the  buried  mine  site  will,  as  during  daytime,  increase  locally  the  temperature  gradient  to 

carry  the  same  amount  of  heat  than  the  surrounding  soil  layer,  but  this  time  in  the  opposite 

direction.  In  that  case,  once  again  because  of  the  second  principle,  the  temperature  on  the 

soil  surface  above  the  buried  mine  will  become  colder  than  the  surroundings.  This  state  is 

referred  to  as  the  negative  temperature  contrast  IR  signature.  Between  these  two  optimum 

3These  secondary  thermal  effects  will  be  discussed  below. 
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periods,  there  axe  transition  periods  (morning  and  evening  transition  periods)  during  which 
the  heat  flow  changes  direction.  During  these  periods,  the  IR  signature  of  a  buried  mine 
will  disappear. 
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FIGURE  1  -  Plot  displaying  the  typical  periodic  temperature  contrast  evolution  of 
two  buried  mines.  The  two  mines  are  surrogates  of  the  TMN-46  anti¬ 
tank  mine.  Four  periods  are  clearly  identifiable  on  this  graph.  The 
optimum  day  (OD)  period,  the  optimum  night  (ON)  period,  the  mor¬ 
ning  transition  (MT)  period,  and  the  evening  transition  (ET)  period. 
During  that  cycle,  the  transition  periods  are  the  most  problematic  be¬ 
cause  of  the  disappearance  of  the  IR  signatures  associated  with  buried 
mines. 


In  the  previous  paragraph,  we  identified  four  typical  periods  describing  the  main 
states  of  the  heat  flow  between  the  soil  and  the  atmosphere.  However,  these  cycles  only 
represent  the  general  behaviour  of  the  heat  dynamics  between  the  soil  and  the  atmosphere. 
In  day-to-day  real  life,  the  IR  signature  of  buried  landmines  will  depend  also  on  the  local 
weather  variations:  arrival  of  a  cold  front,  variation  in  cloud  covers,  moisture  variation, 
and  many  others.  A  good  representation  of  the  different  contributors  to  the  heat  exchange 
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between  the  soil  and  the  atmosphere  are  shown  in  Fig.  2.  On  the  other  hand,  using  this 
representation  to  establish  a  model  that  will  adequately  allow  us  to  predict  the  heat  dynamic 
between  the  atmosphere-soil  interface  is  not  an  easy  task.  Jacobs  (Ref.  10)  developed  a 
model  based  on  this  representation  where  more  than  15  parameters  need  to  be  monitored 
to  predict  adequately  the  temperature  of  a  concrete  slab  laid  on  the  surface  of  the  soil. 
Needless  to  say,  this  approach  is  not  compatible  with  the  ILDC  program.  A  method  to 
bypass  this  complexity  is  to  directly  monitor  the  heat  flow  being  transferred  to  the  deeper 
layer  of  the  soil.  The  models  proposed  further  aim  at  applying  this  approach. 


FIGURE  2  -  General  representation  of  the  heat  dynamic  exchange  between  the  at¬ 
mosphere  and  the  soil.  Six  mechanisms  involved  in  that  heat  exchange 
are  identified  in  this  figure:  the  shortwave  irradiance  associated  with 
sun  radiation,  the  long  wave  irradiance  associated  with  clouds  and 
surroundings,  the  convection  heat  exchange  which  is  related  to  the 
heat  transferred  between  the  soil  and  the  air,  the  irradiation  of  the 
soil  surface  itself  (soil  surface  emittance),  the  moisture  exchange  bet¬ 
ween  the  soil  and  the  atmosphere  (latent  heat  exchange),  and  the  heat 
transferred  to  the  deeper  soil  layer  by  conduction. 


ILDC  Notes:  In  a  previous  paragraph,  we  mentioned  that  the  presence  of  a  buried  mine 
and  associated  thermal  effects  increases  locally  the  soil  heat  impedance,  which  generates  the 
IR  signature  of  the  buried  mine  during  the  heat  exchange  process  between  the  atmosphere 
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and  the  soil.  An  interesting  information  representing  qualitatively  the  impedance  distortion 
created  by  the  presence  of  the  mine  itself  is  to  compare  the  thermal  conductivity  of  an 
explosive  as  TNT  with  the  usual  one  associated  with  different  types  of  soils.  From  a  study 
reported  by  Steinmanis  (Ref.  11),  we  found  that  the  thermal  resistivity  of  more  than  100 
sites  in  Canada  varies  between  50  and  90°C-cm/W,  which  is  more  than  seven  times  smaller 
than  the  heat  resistivity  associated  with  TNT  (680°C-cm/W  (Ref.  12)).  However,  it  is 
important  to  mention  that,  even  with  this  high  heat  resistivity  difference  between  the  soil 
and  an  explosive  as  TNT,  the  effective  heat  impedance  distortion  of  the  soil  created  by 
the  presence  of  a  buried  mine  alone  decreases  rapidly  with  the  depth  at  which  the  mine  is 
buried. 


With  all  the  experience  accumulated  with  the  different  trials  reported  in  Chap¬ 
ter  4.0,  we  evaluate  the  maximum  depth  at  which  an  average  size  anti-tank  mine  can  be 
buried  before  the  detection  of  its  IR  signature  (effect  of  the  mine  only)  becomes  proble¬ 
matic  is  about  10  cm.  Fortunately,  the  heat  flow  distortion  created  by  a  buried  mine  is  not 
only  associated  with  the  presence  of  the  mine  itself.  At  least  for  the  cases  of  mines  buried 
on  packed  gravel  roads,  we  identified  two  thermal  effects  related  to  a  buried  landmine  site 
which  participate  to  the  IR  signature  of  the  buried  mine.  They  are: 

•  Thermal  Volume  Effects:  In  these  effects,  we  include  the  heat  impedance  distortion 
created  by  the  presence  of  the  mine  itself,  but  also  the  heat  impedance  distortion 
associated  with  the  different  thermal  properties  of  the  soil  covering  the  buried  mine 
compared  with  the  surrounding  soils.  This  second  cause  for  the  heat  impedance  of 
a  buried  mine  site  is  referred  to  as  the  hole  effect.  It  has  been  observed  that  the 
difference  in  compactness  between  the  surrounding  soil  and  the  soil  covering  the  mine 
creates  sufficient  heat  impedance  variation  to  make  the  IR  signature  of  the  buried  mine 
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site  detectable  even  if  the  mine  itself  is  too  deep  to  take  an  active  part  in  the  local 
thermal  impedance  distortion.  This  effect  is  also  mainly  responsible  for  the  night-time 
IR  signature  of  the  buried  mine.  From  the  information  accumulated  over  the  different 
trials  characterizing  the  IR  signatures  of  buried  mines,  it  has  been  observed  that  this 
hole  effect  is  measurable  for  many  months,  depending  upon  weather  conditions. 

•  Thermal  Surface  Effects:  In  opposition  to  the  thermal  volume  effects,  the  origin 
of  the  thermal  surface  effect  is  not  related  at  all  with  the  presence  of  the  buried  mine. 
This  effect  appears  because  of  the  distortion  of  a  thin  layer  of  the  soil  over  the  buried 
mine  site.  This  disturbed  thin  soil  layer  is  created  by  the  activities  associated  with 
the  process  of  burying  a  mine  as  laying  and  dispersing  the  extra  excavated  soil  or 
directly  by  the  human  actions  to  the  soil  surface  during  the  burying  operation.  In 
reaction  to  these  activities,  a  thin  layer  of  soil  with  poor  thermal  contact  with  the 
deeper  layer  is  created.  Because  of  the  direct  exposure  of  this  thin  insulated  soil  layer 
to  the  atmospheric  radiation  (shortwave  and  long  wave),  the  temperature  difference 
between  the  perturbed  soil  surface  and  its  immediate  surroundings  can  reach  many 
degrees  and  is  easily  observable  with  an  IR  imager  under  sunny  sky.  It  has  been 
observed  that  this  surface  effect  is  detectable  for  many  days  once  again,  depending 
upon  weather  conditions. 

It  is  important  to  understand  that  buried  mines  are  not  the  only  cause  for  heat 
dynamic  anomalies  on  roads.  Other  buried  objects,  highly  moist  road  areas,  vegetation 
(dead  or  alive),  snow  covers,  shadow,  or  gravel  artificially  spread  out  are  all  sources  of 
distortion  in  the  heat  flow  mechanisms  between  the  soil  and  the  atmosphere,  which  may 
seriously  reduce  the  efficiency  of  an  IR  imager  to  detect  buried  landmines.  These  sources  of 
distortion  can  produce  a  high  occurrence  of  false  alarm  or  even  hide  the  signs  of  the  presence 
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of  a  buried  mine.  In  Chapter  5.0,  different  sources  of  thermal  distortion  axe  discussed  with 
their  respective  effects  on  the  efficiency  to  detect  buried  mines  on  road.  On  the  other  hand, 
in  the  cases  where  a  mine  is  buried  in  a  clear  area  of  the  road  and  for  which  only  the 
environmental  conditions  act  on  the  contrast  of  the  IR  signature,  there  are  simple  models 
which  can  easily  be  used  as  thermal  contrast  prediction  tools.  These  models  are  described 
in  the  following  sections. 

2.2  Simplified  Model  Describing  the  IR  Signatures  of  Buried  Mines 

The  simple  model  proposed,  as  the  more  complete  one  described  in  the  following 
section,  aims  at  characterizing  the  overall  heat  transfer  into  the  ground.  This  approach  has 
the  advantage  of  bypassing  the  complexity  associated  with  the  thermal  interaction  between 
the  atmosphere  and  the  soil  and  directly  monitors  the  physical  effect  responsible  for  the 
formation  of  the  IR  signature.  This  simple  model  is  based  on  a  one-dimensional  thermal 
analysis  of  two  soil  columns:  the  soil  column  containing  the  buried  mine  and  a  reference 
soil  column  close  by.  With  the  introduction  of  the  two  principles  mentioned  in  the  previous 
section  (uniform  heat  flow  and  same  temperature  at  sufficient  depth),  the  two  soil  columns 
can  be  represented  as  an  interdependent  system.  Using  simple  electrical  analogy,  this  system 
is  described  as  two  heat  impedances  positioned  in  parallel,  as  shown  in  Fig.  3.  With  this 
representation  and  the  basic  heat  conduction  law, 


AT  =  Z  x  Q  [1] 

where  AT  is  the  temperature  difference  across  a  heat  impedance  Z  in  which  exists  a  heat 
flow  Q,  it  is  quite  simple  to  demonstrate  two  empirical  proportionalities  describing  the 
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temperature  contrast  (Tm  —  Tr)  on  the  surface  of  the  representative  soil  columns: 


(Tm  —  Tr)  oc  Q,  [2] 

(Tm  —  Tr)  oc  (Zm  —  Zr).  [3] 


Q  :  Heat  flow 

Z  :  Heat  impedance  of  the  soil  column 
m  containing  the  mine 

Z  :  Heat  impedance  of  the  soil  column 
r  containing  no  mine  (reference) 


FIGURE  3  -  Schematic  representation  of  the  simple  model.  In  this  model,  Q  is  the 
overall  heat  flow  between  the  atmosphere  and  the  soil,  Tm  and  Tr  are 
the  apparent  temperatures  on  the  surface  of  the  soil  where  the  mine 
is  buried  and  on  the  surface  of  the  soil  column  used  as  a  reference, 
respectively.  is  the  temperature  at  a  sufficient  depth. 


It  is  interesting  to  observe  that  these  two  empirical  proportionalities  derived  from 
the  simple  model  describe  well  the  temperature  contrast  inversion  with  the  change  in  di¬ 
rection  of  the  heat  and  the  increase  of  the  temperature  contrast  with  the  heat  impedance 
difference  rising.  It  is  also  important  to  note  that  the  first  proportionality  (eq.  2)  opens  the 
door  to  an  important  monitoring  parameter:  the  heat  flow  into  the  ground  (Q).  From  this 
result,  it  might  be  possible  to  anticipate  the  good  and  bad  detection  periods  (or  even  to 
predict  the  level  of  the  temperature  contrast)  associated  with  the  general  variation  of  the 
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weather  conditions  simply  by  measuring  the  level  of  heat  flowing  into  the  ground  (Section  2.4 
describes  how  the  measurement  of  the  heat  flow  into  the  ground  can  be  done) . 

The  simple  model  described  here  shows  interesting  properties  associated  with  the 
behaviour  of  the  temperature  contrast  of  buried  mines.  However,  this  approach  will  not 
take  explicitly  into  account  the  heat  impedance  variation  associated  with  the  depth  of  the 
buried  mine  or  the  distributed  physical  characteristics  of  the  soil  column.  These  weaknesses 
make  difficult  the  applicability  of  the  model  to  a  real  context.  To  reduce  this  difficulty,  the 
next  section  shows  a  more  complete  approach  to  the  representative  model. 

2.3  Detailed  Model  Describing  the  IR  Signatures  of  Buried  Mines 

As  mentioned  in  the  previous  section,  the  simple  model  proposed,  even  if  it  pro¬ 
vides  adequately  the  general  thermal  characteristics  of  a  buried  mine  site,  shows  a  serious 
weakness  in  its  experimental  application.  To  correct  this  weakness,  a  more  detailed  re¬ 
presentation  of  the  buried  mine  site  is  proposed.  This  detailed  model  is  still  based  on 
the  one-dimensional  analysis  of  the  two  soil  columns  (the  buried  mine  site  and  reference) 
but  their  spatially  distributed  characteristics  are  addressed.  Figure  4  shows  the  two  soil 
columns,  including  the  depth  as  a  variable.  With  this  representation,  a  complete  analytical 
model  can  be  derived  by  solving  the  well-known  one-dimensional  differential  heat  equation: 


dT  _  d2T 
dt  ~adz 2’ 


[4] 


for  the  three  identified  zones.  In  this  equation,  T  is  the  temperature,  t  is  time,  z  is  the 
depth,  and  a  is  the  heat  diffusivity  defined  as  the  ratio  between  the  heat  conductivity  and 
the  product  of  the  heat  capacity  by  the  density.  By  assuming  the  three  zones  identified  in 
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(T)  -Undisturbed  Soil 

(2)  -Disturbed  Soil 

(3)  -Mine 


FIGURE  4  -  Schematic  representation  of  the  detailed  model  of  a  buried  mine  site. 

As  in  the  simple  model  shown  previously,  Q  is  the  overall  heat  flow 
between  the  atmosphere  and  the  soil,  Tm  and  Tr  are  the  apparent 
temperatures  on  the  surface  of  the  soil  where  the  mine  is  buried  and 
on  the  surface  of  the  soil  column  used  as  a  reference,  respectively. 

In  addition,  the  three  zones  with  different  thermal  characteristics  are 
identified  with  their  spatial  variable. 

Fig.  4  are  homogeneous  4  and  by  considering  the  heat  transport  by  moisture  migration  as 
negligible,  a  complete  analytical  solution  of  the  one- dimensional  differential  heat  equation 
can  be  derived  as  (Ref.  13) 


OO 

T(z,  t)  —  (*)  +  ^Ak  exp~z/D  cos(ku)t  -  (z jD  +  0*)),  [5] 

where  Ak  is  the  linear  coefficient  of  order  k  of  the  series,  D  is  defined  as  \j2ajku),  u  is  the 
daily  thermal  angular  frequency  and  (f)k  is  a  phase  factor  of  order  k.  To  apply  this  solution 
to  the  system  forms  by  the  soil  column  containing  the  buried  mine  and  the  reference  soil 
column,  eq.  5  is  resolved  for  each  zones  with  their  associated  thermal  parameters  and  the 
following  boundary  conditions: 

4 This  is  not  really  the  case,  but  as  an  approximation,  we  can,  at  first,  consider  the  averaged  thermal 
properties  related  to  these  zones  to  obtain  an  analytical  solution.  So  far,  this  approximation  appeared  to  be 
adequate  for  most  trials. 


P502142.PDF  [Page:  24  of  120] 


UNCLASSIFIED 

14 


•  Continuity  of  the  heat  flow  between  the  different  zones, 

•  Identical  temperature  for  the  two  soil  columns  at  sufficient  depth, 

•  Identical  heat  flow  for  the  two  soil  columns  at  the  atmosphere-soil  interface. 

There  are  two  major  advantages  associated  with  this  detailed  model  describing  the 
IR  signatures  of  the  buried  mines:  it  takes  into  account  the  depth  at  which  the  mine  is  buried 
and  the  thermal  property  variations  of  the  soil.  However,  it  also  necessitates  an  adequate 
evaluation  of  many  parameters  defining  the  thermal  properties  of  the  buried  mines  and  soils 
(as  compactness). 

ILDC  Notes:  At  the  present  time,  little  has  been  done  to  evaluate  these  thermal  properties 
for  an  application  as  the  one  pursued  by  the  ILDC  program.  The  method  chosen  to  provide 
the  ILDC  program  with  an  applicable  model  is  first  to  evaluate  the  validity  of  the  simpler 
approach  proposed  in  the  previous  section  by  verifying  the  predicted  linear  relation  between 
the  heat  flow  into  the  ground  and  the  temperature  contrast  of  a  buried  mine.  Then,  if  this 
relation  is  verified,  the  next  step  is  to  evaluate  if  the  information  provided  by  this  simple 
model  is  satisfactory  for  the  ILDC  program’s  needs.  In  the  case  of  a  negative  conclusion, 
then  the  more  complete  model  proposed  here  should  be  evaluated  further.  However,  the 
reader  should  not  forget  that  the  two  models  proposed  aim  at  predicting  the  IR  contrasts 
of  buried  mines  in  function  of  the  general  environmental  conditions  under  spatially  homo¬ 
geneous  soil  surfaces.  It  is  anticipated  that  any  effect  reducing  the  validity  of  these  basic 
conditions  (moisture  inhomogeneities,  shadow,  partial  grass  cover,  etc.)  will  degrade  the 
predictions  of  the  model. 
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2.4  Contrast  Predictions  Using  the  Simple  Model 

In  Section  2.2,  a  linear  relation  was  identified  between  the  temperature  contrast  of 
a  buried  mine  and  the  heat  flow  into  the  ground.  As  a  consequence,  the  use  of  that  relation 
to  predict  the  IR  signature  of  a  buried  mine  necessitates  a  method  to  monitor  that  heat 
flow.  This  can  be  done  by  applying  once  again  a  basic  law  of  thermodynamic  stating  that 


Q 


[6] 


This  relation  is  usually  applied  to  the  case  of  the  heat  flow  through  a  plane  that  is  compa¬ 
tible  with  the  one-dimensional  approach  of  the  models  proposed  previously.  Consequently, 
the  heat  flow  into  the  ground  can  be  characterized  by  analyzing  the  variation  of  the  tem¬ 
perature  profile  of  the  soil  as  a  function  of  the  depth.  With  this  experimental  information, 
empirical  monitoring  of  the  heat  flow  and,  by  repercussion,  of  the  temperature  contrast 
of  a  buried  mine  can  be  performed  by  evaluating  the  derivative  (or  gradient)  of  the  soil 
temperature  as  a  function  of  depth.  To  retrieve  this  information  with  sufficient  accuracy, 
the  analytical  solution  of  the  one-dimensional  differential  heat  equation  (eq.  5)  is  fitted  with 
the  experimental  temperature  readings.  Figure  5  shows  temperature  profiles  in  a  packed 
gravel  road  for  different  times  of  day  with  their  corresponding  numerical  fits  obtained  by 
using  the  two  first  terms  of  eq.  5. 


However,  with  this  approach,  one  question  arises:  At  which  depth  should  we  mea¬ 
sure  the  temperature  gradient  ?  Following  the  analysis  of  the  simple  model,  the  temperature 
gradient  should  be  measured  at  the  interface  soil-atmosphere  to  monitor  the  heat  flow  on 
that  location.  On  the  other  hand,  because  of  the  general  experimental  difficulties  associated 
with  the  measurement  of  the  temperature  on  the  soil  surface,  the  evaluation  of  the  tempera- 
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FIGURE  5  -  Plot  of  the  temperature  profiles  with  depth  in  the  soil  at  different 
times  of  day.  The  continuous  lines  have  been  obtained  by  joining  12 
temperature  readings  sampled  at  3  cm  intervals  and  the  dashed  lines 
are  derived  from  the  numerical  fittings  of  the  exact  solution  to  the  heat 
equation  (eq.  5)  with  these  sampled  temperatures.  The  experimental 
instrument  used  to  obtain  this  information  is  the  temperature  probe 
described  in  Section  3.2. 

ture  gradient  on  that  location  from  the  fitted  analytical  solution  will  imply  an  extrapolation, 
of  the  experimentally  acquired  temperature  readings.  This  could  introduce  instabilities  in 
the  characterization  of  the  heat  flow.  A  method  for  bypassing  this  difficulty  is  to  mea¬ 
sure  the  temperature  gradient  in  an  interpolation  region  of  the  fitted  curve.  This  approach 
has  the  advantages  of  being  more  stable  and  accurate  and  is  compatible  with  the  relation 
proposed  by  the  simple  model  because  of  the  intrinsic  relation  between  the  heat  flows  at 
different  depths.  On  the  other  hand,  the  depth  at  which  the  gradient  is  measured  should 
not  be  too  deep  because  of  the  time  period  associated  with  the  distributed  heat  capacitance 
of  the  soil  column.  An  adequate  choice  for  the  depth  at  which  the  temperature  gradient  is 
measured  should  be  dictated  by  the  anticipated  average  depths  of  the  buried  mines.  For 
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these  reasons,  we  arbitrary  chose  to  evaluate  the  temperature  gradient  in  the  soil  at  a  depth 
of  7  cm  for  all  the  experimental  results  shown  in  Chapter  4.0. 
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3.0  DESCRIPTION  OF  THE  EXPERIMENTAL  INSTRUMENTATION 

The  work  reported  in  this  document  aims  at  answering  two  main  questions:  How 
efficient  is  the  passive  IR  imaging  technique  to  detect  low-metal  buried  landmines  under 
different  environmental  conditions  (especially  in  the  scenario  defined  by  the  ILDC  program) 
and  are  the  models  described  in  Chapter  2.0  adequate  to  identify  the  optimum  and  poor  de¬ 
tection  periods  when  using  that  technique  ?  To  answer  these  two  questions,  a  series  of  trials 
have  been  performed.  Carrying  out  these  trials  requires  different  experimental  instruments. 
The  present  chapter  describes  this  instrumentation.  First,  the  technical  specifications  of 
the  three  thermal  imagers  used  during  these  trials  axe  shown.  Then,  the  vehicle  used  for 
the  dynamic  trials  and  the  positioning  of  the  thermal  imagers  on  this  vehicle  are  discussed. 
Finally,  the  temperature  probe  necessary  for  the  characterization  of  the  thermal  gradient 
in  the  soil  is  detailed. 

3.1  Description  of  the  LWIR  and  MWIR  Cameras 


Three  models  of  thermal  imagers  have  been  used  to  perform  the  different  trials.  At 
the  beginning  of  the  ILDC  program,  a  relatively  old  model  of  LWIR  imager  (the  THV-782) 
has  been  used  for  the  early  tests  of  the  technology.  Then,  based  on  these  early  testings, 
another  model  (the  THV-1000)  was  purchased  especially  for  the  ILDC  program.  Most 
experimental  results  reported  have  been  obtained  with  this  last  thermal  camera.  Finally, 
two  MWIR  imagers  (IR-M500  and  IR-M600)  have  been  borrowed  from  a  distributor  for 
comparison  purposes.  These  cameras  axe  described  in  the  next  three  sections. 
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3.1.1  The  THV-782  LWIR  Camera. 

At  an  early  stage  of  the  investigation  of  the  detection  of  buried  landmines  by 
thermal  imaging,  few  trials  were  performed  with  a  relatively  old  model  of  LWIR  camera. 
Although  its  limited  data  acquisition  capabilities,  this  camera  was  useful  for  the  early 
investigation  work  of  the  ILDC  program.  Table  I  shows  the  technical  specifications  of  this 
camera. 


TABLE  I 


Technical  specifications  for  the  THV-782  LWIR  camera 


Characteristics 

Specifications 

Manufacturer 

Agema  Infrared  Systems 

Model 

THV-782 

Detector 

HgCdTe  single  photoconductive  element 

Spectral  range 

8-12  n  m 

Cooling 

LN2 

Field  of  view  (HxV) 

20°  x  20° 

Temperature  range 

-20°C  to  1000°C 

Field  frequency 

25  Hz 

Line  frequency 

2500  Hz 

Lines  per  frame 

280  (interlace  4:1) 

Resolving  power 

100  elements/line 

Sensitivity 

0.1°C  at  30° C 

Operating  temperature 

-15°C  to  55°C 

Weight 

1.6  Kg 

Output 

RS-170  electronic  interface 

3.1.2  The  THY- 1000  LWIR  Camera 


This  camera  has  been  chosen  at  the  beginning  of  Phase  I  of  the  ILDC  program. 
This  choice  was  based  on  the  assumption  that  thermal  measurements  in  open  space  are  best 
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taken  in  the  LWIR  spectral  band  5.  Once  the  spectral  band  is  chosen,  the  final  choice  for  the 
model  of  camera  was  based  on  six  criteria:  commercial  availability,  compactness,  ruggedness, 
high  spatial  resolution,  temperature  resolution  (NETD)  smaller  than  .2°C,  and  a  sufficiently 
wide  field  of  view  to  cover  easily  a  width  of  3  m  to  satisfy  the  design  restrictions  of  the 
ILDC  program.  After  evaluating  the  possible  models  and  manufacturers,  it  has  been  found 
that  the  THV-1000  from  AGEMA  Infrared  Systems  was  the  most  suitable  for  the  project. 
In  addition  to  satisfying  the  basic  criteria  identified,  this  camera  has  the  advantage  of 
possessing  a  fast  12-bits  digital  output  (SBUS  interface)  and  a  serial  communication  link  for 
remote  configuration  changes.  The  digital  output  feature  opens  the  possibility  of  accessing 
the  full  spatial  resolution  of  the  camera  and  of  extracting  image  frames  with  complete 
thermal  information.  The  relation  to  convert  the  pixel  readings  (pix)  to  its  corresponding 
temperature  (T)  was  evaluated  in  laboratory  with  a  black  body  reference  for  temperatures 
ranging  between  -10°C  and  50°C  as  a  parabolic  equation.  This  equation  has  been  derived 
as: 


T  =  -7.600  x  10-06  x  (pix)2  +  0.06629  x  (pix)  -  53.02.  [7] 

The  access  to  IR  images  containing  the  complete  thermal  information  makes  it 
possible,  with  the  serial  communication  link,,  to  modify  the  configuration  of  the  video  output 
(view  by  the  ILDC  operator)  as  a  function  of  the  thermal  characteristics  derived  from  the 
12-bits  digital  extracted  images.  This  digital  output  capability  was  also  widely  used  during 
the  static  and  dynamic  trials.  Table  II  shows  the  main  specifications  associated  with  this 
camera. 

sThis  assumption  has  been  confirmed  by  comparing  directly  the  experimental  results  obtained  with  an 
MWIR  and  an  LWIR  camera  (see  Section  4.4). 
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TABLE  II 


Technical  specifications  of  the  THY- 1000  LWIR  camera 


Characteristics 

Specifications 

Manufacturer 

Agema  Infrared  Systems 

Model 

THV-1000 

Serial  number 

114103 

Detector 

Five-element  SPRITE 

Spectral  range 

8-12  [x m 

Cooling 

Integral  Stirling  cooler 

Field  of  view  (HxV) 

62.5°  x  41.5° 

Instantaneous  FOV 

1.88  mrad 

MRTD  typical 

0.5°C  (at  0.26  cycles/mrad) 
0.08°C  (at  0.13  cycles/mrad) 

NETD 

0.18°C 

Dynamic  range 

12  bits 

Samples/line 

800 

Active  IR-lines  (EIA/CCIR) 

400/450 

Frame  frequency 

30/25  Hz 

Video  output 

S  Video,  RGB,  NTSC 

Digital  output 

Taxi  to  SBUS  Interface 

Serial  communication 

RS422  and  RS232 

MTBF 

5500  hrs 

Power 

20-35  V  DC,  max.  60  W 

Operating  temperature 

-15°C  to  55°C 

Storage  temperature 

-40°C  to  70°C 

Dimension 

307x159x202  (mm*5) 

Shock/ vibration 

25  G/2  G  IEC  68 

EMI 

US.FCC  and  IEC  801 

Safety  standard 

EEC  950 

Weight 

~6  kg 
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3.1.3  The  IR-M500  and  IR-M600  MWIR  Cameras 

Two  MWIR  cameras  have  also  been  tested  under  the  ILDC  program.  These  ca¬ 
meras  have  the  advantage  of  being  based  on  focal  plane  array  (FPA)  technology.  This 
configuration  eliminates  all  moving  parts,  except  for  the  cooling  system  which  is,  as  the 
THV-1000,  an  integral  Stirling  cooler.  The  FPA  technology  improves  the  ruggedness  and 
the  image  stability  of  the  camera,  which  axe  appealing  for  the  ILDC  program.  However,  as 
reported  in  Section  4.4,  there  are  other  aspects  intrinsically  associated  with  the  conditions 
of  operation  of  thermal  detection  technology  for  ILDC  which  disadvantage  MWIR  based 
thermal  cameras.  Nevertheless,  two  models  of  MWIR  cameras,  the  IR-M500  and  the  IR- 
M600  (the  latter  having  a  better  filling  ratio),  based  on  the  platinum-silicide  technology 
and  made  by  Mitsubishi  Electronic  Corporation,  have  been  used  to  gather  the  information 
shown  in  the  next  chapter.  Table  III  reports  the  technical  specifications  of  these  cameras, 
as  provided  by  the  manufacturer. 

3.2  The  Temperature  Probe 


The  models  developed  in  Chapter  2.0  introduce  the  possibility  of  characterizing  the 
level  of  temperature  contrast  of  a  buried  mine  site  by  evaluating  the  temperature  gradient 
in  the  soil.  To  obtain  this  information  during  the  different  trials,  a  temperature  probe 
has  been  developed  in  house.  This  temperature  probe  is  built  with  a  plexiglas  tube  (1” 
in  diameter)  along  with  15  thermocouples  of  type  T  which  were  fixed  3  cm  apart.  The 
acquisition  of  the  temperature  was  done  manually  with  a  calibrated  thermocouple  reader  or 
automatically  with  the  help  of  a  computer.  The  computerized  acquisition  was  done  with  an 
analog-to-digital  conversion  board  (Model  DT2837,  S/N  00307550)  and  a  screw  terminal 
board  (DT717-T)  from  Data  Translation  Inc.  The  resulting  temperature  (T)  associated 
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TABLE  III 


Technical  specifications  of  the  IR-M500  and  IR-M600  MWIR  cameras 


Characteristics 

Specifications 

Manufacturer 

Mitsubishi  Electronic  Corporation 

Model 

IR-M500  [IR-M600] 

Detector 

Platinum  Silicide  Schottky-Barrier  IRSCD 

Array  size 

512x512  pixels 

Spectral  range 

3-5  jim 

Field  of  view  (HxV) 

28°  x  22°  (25  mm  lens) 

NETD 

0.15  [<  .1]  °C 

Field  time 

1/60  sec 

Cooling 

Integral  Stirling  cooler 

Image  display 

Monochromatic,  256  levels  of  grey 

Video  output 

RS-170 

Digital  output 

RS-422  (10  bit,  9.2  MHz) 

MTBF 

4000  hrs 

Power 

22-28  V,  150  W 

Operating  temperature 

-10°C  to  50°C  (humidity  less  than  95  %) 

Weight 

~8  kg 

Dimension 

136x390x153  (mm^j 

Notes:  The  specifications  of  the  IR-M600,  when  different  from  the  ones  provided  for  the 
IR-M500,  are  in  square  brackets. 
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with  each  thermocouple  is  obtained  by  using  the  voltage  conversion  equation  for  the  T 
thermocouple  found  in  the  OMEGA  temperature  Handbook  (Ref.  14)  given  as: 


T  =  ao  +  ai  x  vc  +  a<i  x  vc 2  +  03  x  vc?  +  x  vc?  +  as  x  vc 5  +  x  uc6  +  07  x  uc7  [8] 


where  an  is  the  n  fitting  coefficients  given  as 


coefficients 

values 

coefficients 

values 

ao 

0.10086091 

a4 

-9247486589 

ai 

25727.94369 

as 

6.97688  "xlO11 

-767345.8295 

a  6 

-2.66192  xlO13 

&3 

78025595.81 

a7 

2.94078  xlO14 

and  where  vc  is  the  corrected  voltage  reading  evaluated  as 


vc  =  vs  +  t>e.  [9] 

In  this  last  equation,  vs  and  ve  are  the  differential  voltage  (u)  associated  with  the 
thermocouple  and  the  corrected  voltage  factor  resulting  from  the  cold  junction,  respectively. 
The  conversion  from  the  digital  readings  (step)  provided  by  the  A/D  board  to  v  is  done 
with  the  following  equation: 

”=(^x20-i0)/500-  'io> 

This  relation  is  derived  from  the  board  configuration  which  was:  16-bits  conversion,  bipolar 
readings  (-10  volts  to  10  volts),  and  a  500  gain  factor.  On  the  other  hand,  the  correction 
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factor  ( ve )  is  obtained  in  two  steps.  First,  the  differential  voltage  of  the  cold  junction  is 
evaluated  by  converting  the  digital  reading  of  the  acquisition  board  to  its  equivalent  voltage 
(ve)  using  eq.  10.  Then,  a  temperature  correction  factor  ( tc )  is  derived  from  the  equation 
provided  by  the  manufacturer  of  the  temperature  acquisition  board  (DT717-T)  (Ref.  15). 
This  equation  is 


FIGURE  6  -  Picture  of  the  temperature  probe 


tc  =  ve  x  1000/0.5  [11] 

Finally,  the  equivalent  corrected  voltage  factor  associated  with  the  cold  junction  (ve)  is 
evaluated  by  inverting  eq.  8  with  the  temperature  correction  factor  (tc). 
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ILDC  Notes:  As  mentioned  previously,  the  temperature  probe  described  is  used  for  the 
evaluation  of  the  temperature  gradient  and  may  become  a  useful  tool  to  predict  the  tem¬ 
perature  contrasts  of  buried  mines.  In  the  case  where  this  technique  becomes  clearly  useful 
for  the  ILDC  program,  it  is  assumed  that  the  involvement  of  a  company  like  Geotherm 
Inc.,  with  his  accumulated  expertise  in  the  thermal  characterization  of  soils,  should  be 
valuable  for  the  design  of  robust  temperature  probes  and  possibly  for  the  processing  of  the 
temperature  readings. 

3.3  The  Trial  Vehicle  .  „ 

In  Chapter  4.0,  a  series  of  experimental  results  are  given  for  trials  in  which  the  IR 
camera  is  moving.  These  dynamic  trials,  which  are  designed  to  simulate  different  aspects 
of  the  demining  scenario  defined  by  ILDC,  are  performed  with  a  ground  vehicle.  For  the 
trials  performed  in  Alberta,  the  ground  vehicle  has  the  capability  to  record  visible  and  IR 
video.  Also,  this  vehicle  has  an  integrated  Sun  station  which  makes  it  possible  to  record 
digital  images  output  by  the  THV-1000  LWIR  camera  through  the  SBUS  interface.  To 
facilitate  digital  image  acquisition,  this  vehicle  is  also  equipped  with  a  fifth  wheel  in  order 
to  measure  precisely  the  distance  travelled  during  the  trials.  A  similar  vehicle  is  used  for 
the  trials  performed  in  Eastern  Canada.  With  either  vehicle,  the  IR  camera  is  placed  on  a 
support  directly  in  front  of  the  vehicle  at  an  approximative  height  of  3  m  with  about  45° 
incline.  With  this  configuration,  the  FOV  of  the  camera  covers  an  area  of  4  m  in  width 
at  the  bottom  of  the  frame  and  8  m  in  width  at  the  top  of  the  frame  with  5  m  in  depth. 
In  addition,  this  area  is  beginning  at  less  than  1.5  m  in  front  of  the  vehicle.  Especially 
during  the  dynamic  trials  performed  at  Wainwright  (see  Subsection  4.2.2),  an  on-board 
audio  communication  system,  which  may  be  recorded  on  videotape  with  the  IR  and  visible 
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images,  allows  communication  between  the  back  and  the  front  of  the  vehicle.  Finally,  speed 
as  low  as  2.5  km/hr  was  reachable  with  the  vehicle  used  in  the  Alberta  trials. 


FIGURE  7  -  Picture  of  the  trial  vehicle 


3.4  The  Polymeric  Material  Used  to  Simulate  TNT 


For  most  trials,  a  large  fraction  of  IR  surrogates  is  used  instead  of  real  mines.  This 
substitution  has  the  advantage  of  reducing  considerably  the  safety  procedures  associated 
with  the  manipulation  of  explosives.  To  achieve  this  substitution  while  keeping  the  thermal 
characteristics  of  these  surrogates  comparable  to  real  mines,  an  urethane  rubber  is  used  as 
a  filling  compound  or  is  directly  cast  to  obtain  the  equivalent  thermal  mass  of  the  replicated 
mines.  The  urethane  rubber  used  for  all  replica  mines  is  the  “Adiprene  L-100”  made  by 
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Uniroyal.  This  choice  is  based  on  the  value  associated  with  the  heat  conductivity  of  this 
rubber,  evaluated  by  the  manufacturer  to  0.132  W/(m-°C),  which  is  equivalent  within  10  % 
to  the  heat  conductivity  of  TNT,  itself  evaluated  by  Patel  (Ref.  12)  to  0.146  W/(m-°C).  The 
level  of  validity  in  the  choice  of  this  compound  reproducing  the  thermal  characteristics  of  real 
buried  mine  sites  has  been  proven  legitimate  experimentally  (see  paragraph  entitled  “The 
validity  of  the  IR  signature  associated  with  the  developed  mine  surrogates”  on  page  73). 
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4.0  TRIAL  DESCRIPTIONS  AND  EXPERIMENTAL  RESULTS 

In  this  chapter,  the  results  of  a  series  of  trials  aiming  at  validating  experimentally 
the  proposed  models,  and  more  important,  at  evaluating  the  capability  of  IR  technology  to 
detect  buried  landmines  are  reported.  First,  the  fundamental  aspects  of  the  buried  mine  IR 
signatures  as  their  apparent  temperature  contrast  amplitude  and  variability  with  external 
parameters  are  evaluated  in  static  trials.  Then,  the  practicability  of  this  technology  for  the 
ILDC  program  is  especially  investigated.  For  that  purpose,  special  care  is  taken  to  simulate 
as  close  as  possible  the  scenario  addressed  by  the  ILDC  project.  Finally,  the  results  of  a 
series  of  secondary  trials  that  were  performed  to  answer  important  aspects  of  the  use  of  IR 
technology  in  the  ILDC  project  are  discussed. 

4.1  Static  Trials 


The  trials  reported  in  this  section  have  been  carried  out  to  evaluate  the  basic 
thermal  characteristics  of  the  buried  mine  IR  signature.  Features  as  temperature  contrast 
variations  during  a  24-hour  cycle  and  with  the  depth  of  the  buried  mine  are  especially 
investigated.  To  obtain  this  information,  IR  mine  surrogates  are  buried  at  known  depths 
on  packed  gravel  roads  and  the  THV-1000  LWIR  camera  is  positioned  on  a  set  location 
with  an  adequate  FOV  over  the  buried  mine  sites  for  the  full  periods  of  the  two  main  static 
trials.  To  evaluate  the  variability  of  these  basic  thermal  characteristics  as  a  function  of 
the  geographical  region,  a  first  trial  is  performed  in  the  Prairies  and  a  second  one  in  the 
Canadian  Shield  region  (Eastern  Canada).  Table  IV  describes  the  experimental  settings  of 
these  two  trials.  Digital  images  of  the  buried  mine  sites  are  taken  at  one-hour  intervals. 
Subsequently,  the  pixel  contrast  of  a  buried  mine  is  evaluated  in  laboratory  by  subtracting 
the  pixel-averaged  value  of  a  small  square  area  at  the  centre  of  the  blob  created  by  the  buried 
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mine  and  the  pixel-averaged  value  of  a  representative  reference  square  surface  close  to  the 
buried  mine.  Then,  the  calibration  curve  given  by  eq.  7  is  introduced  to  convert  the  pixel 
contrast  into  an  apparent  temperature  contrast.  In  parallel  with  digital  image  acquisition, 
the  temperature  variations  of  the  soil  with  depth  are  also  collected  with  the  temperature 
probe.  This  temperature  profile  is  acquired  manually  with  a  thermocouple  reader  at  the 
same  time  intervals  as  the  digital  image  acquisition.  Later,  in  laboratory,  the  temperature 
gradients  are  derived  from  these  temperature  profiles,  as  described  in  Section  2.4.  The 
experimental  results  of  the  trials  performed  in  the  Prairies  and  the  Canadian  Shield  region 
are  shown  below  in  two  formats.  First,  the  thermal  variables,  the  temperature  contrasts 
of  the  buried  mines  and  the  temperature  gradients  in  the  soil,  are  plotted  as  a  function 
of  time  (Figs.  8  and  9).  These  graphs  display  well  the  four  different  states  of  the  heat 
exchanges  between  the  atmosphere  and  the  soil:  the  morning  (MT)  and  evening  (ET) 
transitions  periods  during  which  the  temperature  contrasts  of  the  buried  mines  disappear, 
the  optimum  day  (OD)  and  night  (ON)  periods  during  which  the  temperature  contrasts 
of  the  buried  mines  are  maximum  (positively  or  negatively).  Second,  the  temperature 
contrasts  of  the  buried  mines  is  plotted  as  a  function  of  the  temperature  gradients  in  the  soil 
(Figs.  10,  11  and  12).  These  correlation  plots  reveal  many  important  features  6  enhancing 
the  comprehension  of  the  IR  signature  of  a  buried  mine.  They  are: 

•  The  relation  between  the  temperature  contrasts  of  the  buried  mines  and  the 
temperature  gradients  in  the  soil  is  closely  linear,  as  predicted  by  the  models  pre¬ 
sented  in  Section  2.1. 

•  When  a  straight  line  is  least  square  fitted  with  the  points  of  the  correlation  between  the 

temperature  contrasts  of  the  buried  mines  and  the  temperature  gradients  in  the  soil, 

6For  aesthetic  reasons,  the  temperature  gradients  are  multiplied  by  -1  to  give  a  positive  correlation  with 
the  temperature  contrasts  of  the  buried  mines. 
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the  slope  of  this  straight  line  increases  with  the  depth  of  the  buried  mine  decreasing 
as  expected. 

•  The  important  standard  deviations  of  the  correlated  points  around  the  fitted  straight 
line  during  the  positive  temperature  contrast  (daytime)  can  be  associated 

with  sun  radiation  cluttering. 

•  The  recent  buried  mine  sites  showing  surface  thermal  effects  (see  Chapter  2.0)  exhibit 
more  important  standard  deviations  during  daytime  than  the  older  buried  mine  sites 
where  only  volume  thermal  effects  are  present. 

•  For  mines  of  similar  thermal  masses,  buried  in  the  same  type  of  roads  and  at  equivalent 
depths,  the  slopes  of  their  corresponding  fitted  straight  lines  axe  comparable,  whether 
the  mines  are  buried  in  the  Prairies  or  in  the  Canadian  Shield  region. 


TABLE  IV 


Experimental  settings  of  the  two  static  trials  reported 


Canadian  Prairies  trial 

Canadian  Shield  trial 

Surrogates  used 

2  replicated  AT  TMN-46 
filled  with  the  plastic 
simulating  TNT 

3  AT  TMA-3  surrogates  and  3  AP 
PMN-6  surrogates  directly  cast  with 
the  plastic  simulating  TNT.  In  ad¬ 
dition,  two  empty  refilled  holes  were 
made  to  reproduce  the  hole  thermal  ef¬ 
fects  for  the  AT  and  AP  mines. 

Burying  depths 

5  and  7  cm 

0.5,  2cm  and  4  cm 

Burying  period 

8  months  before  trial 

A  few  days  before  trial 

Trial  period 

32-hour  trial  beginning  at 
8:00,  May  10,  1995 

48- hour  trial  beginning  at  17:00,  June 

6,  1995 

P502142.PDF  [Page:  42  of  120] 


UNCLASSIFIED 

32 


time  of  day  (hr) 


FIGURE  8  -  Plot  of  the  temperature  contrasts  of  two  buried  mines  (TMN-46  surro¬ 
gates)  and  the  measured  temperature  gradients  as  a  function  of  time 
over  the  32- hour  trial  performed  in  the  Canadian  Prairies. 
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FIGURE  9  -  Plots  of  the  temperature  contrasts  of  three  buried  AT  TMA-3  surro¬ 
gates  and  a  refilled  AT  size  empty  hole  (AT  plot),  three  buried  AP 
PMN-6  surrogates  and  a  refilled  AP  size  empty  hole  (AP  plot)  and  the 
measured  temperature  gradients  at  a  depth  of  7  cm  as  a  function  of 
time  over  the  48-hour  trial  performed  in  the  Canadian  Shield  region. 
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FIGURE  10  -  Plots  of  the  correlation  between  the  temperature  contrasts  of  the 
buried  mines  and  the  temperature  gradients  in  the  soil  for  the  expe¬ 
rimental  data  shown  in  Fig.  8.  The  straight  lines  are  obtained  from  a 
standard  first-order  polynomial  least  square  fits  through  these  points. 


app.  temperature  contrast  (C)  app.  temperature  contrast  (C*) 
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temperature  gradient  (C7cm)  temperature  gradient  (C7cm) 

FIGURE  11  -  Plots  of  the  correlation  between  the  temperature  contrasts  of  the 
buried  mine  surrogates  and  the  temperature  gradients  in  the  soil  for 
the  experimental  data  shown  in  Fig.  9  (AT  plot).  The  straight  lines 
are  obtained  from  a  standard  first-order  polynomial  least  square  fits 
through  these  points. 


app.  temperature  contrast  (C*)  app.  temperature  contrast  (C^ 
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temperature  gradient  (C*/cm)  temperature  gradient  (C7cm) 

FIGURE  12  -  Plots  of  the  correlation  between  the  temperature  contrasts  of  the 
buried  mine  surrogates  and  the  temperature  gradients  in  the  soil  for 
the  experimental  data  shown  in  Fig.  9  (AP  plot).  The  straight  lines 
are  obtained  from  a  standard  first-order  polynomial  least  square  fits 
through  these  points. 
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4.2  Dynamic  Trials 


In  the  previous  section,  basic  information  on  the  characteristics  of  the  formation 
of  the  buried  mine  IR  signatures  are  reported  as:  the  expected  amplitude  of  the  apparent 
temperature  contrast  and  the  variability  of  this  contrast  with  time  of  day,  depth  of  the  mine, 
and  geographic  location.  In  addition,  experimental  results  used  to  verify  the  validity  of  the 
models  proposed  in  Chapter  2.0  are  also  reported.  In  this  section,  practical  answers  to  the 
applicability  of  IR  technology  in  the  ILDC  program  are  sought.  For  that  reason,  most  trials 
reported  are  performed  with  the  IR  camera  in  movement  and  a  human  operator.  These  trials 
are  carried  out  on  two  different  sites:  the  “Radar  Road”  trial  site  at  Canadian  Forces  Base 
Suffield  (CFB  Suffield)  and  at  CFB  Wainwright.  On  the  first  trial  site  (“Radar  Road”),  the 
apparent  temperature  contrast  threshold  necessary  for  a  human  operator  to  detect  a  buried 
mine  site  by  IR  video  inspection  is  evaluated.  Also  on  that  site,  the  behaviour  of  the  IR 
detection  technology  in  a  winterlike  environment  is  investigated.  On  the  second  site  (CFB 
Wainwright),  an  important  trial  is  performed  to  evaluate  the  capacity  of  IR  technology  to 
detect  low-metal  buried  mines  in  a  scenario  as  close  as  possible  to  the  one  addressed  by  the 
ILDC  program.  For  that  purpose,  the  technology  is  tested  on  a  packed  gravel  and  a  sand 
road  about  5  km  long  with  real  mines.  From  that  tried,  realistic  values  for  the  IR  detection 
efficiencies  and  the  false  alarm  rates  are  reported. 

4.2.1  The  “Radar  Road”  Trial 

The  trials  described  in  the  next  two  sections  were  performed  on  a  packed  gravel 
road  located  at  CFB  Suffield.  This  site  ,  referred  to  as  “Radar  Road”,  was  built  to  obtain 
a  basic  characterization  of  IR  technology  for  the  detection  of  low-metal  buried  mines.  A 
section  of  that  road  (see  Fig.  13),  200  m  long,  where  20  AT  TMA-3  and  40  AP  PNM- 
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FIGURE  13  -  Picture  of  the  “Radar  Road”  trial  site  with  the  surrogates  at  the  surface. 

6  surrogates  were  buried  at  depths  of  less  than  7  cm  and  on  well-defined  locations  (see 
Table  V  and  Fig.  14  for  the  specific  descriptions  of  the  locations  of  these  surrogates),  was 
chosen.  To  facilitate  the  analysis  of  the  IR  images  obtained  in  the  different  trials  performed 
on  the  Radar  Road  site,  a  series  of  posts  located  on  the  side  of  the  road  provide  a  spatial 
reference  system  allowing  the  identification  of  each  mine  site  by  monitoring  directly  the 
IR  videotapes  recorded.  These  surrogates  were  buried  on  December  1st,  1994.  During  the 
burying  operation,  because  of  the  frozen  state  of  the  road,  important  surface  textures  were 
created  on  each  burying  site,  which  left  important  thermal  surface  effects  easily  observable 
with  the  IR  camera.  This  aspect  has  created  difficulties  in  the  evaluation  of  the  detection 
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efficiency  of  the  technique  and  will  be  mentioned  further  in  the  description  of  the  winter 
trial. 

Human  IR  Detection  Threshold  Measurements 

This  section  reports  a  trial  to  evaluate  the  apparent  temperature  contrast  thresholds 
of  buried  mine  IR  signatures  in  order  to  allow  its  detection  with  IR  technology.  For  that  trial, 
the  detection  threshold  is  based  only  on  the  temperature  contrast  of  the  buried  mine  which 
is  at  its  best  incomplete.  A  more  exhaustive  approach  should  include  many  other  variables 
like  the  size  and  shape  of  the  IR  blobs,  the  level  of  clutter,  and  if  the  detection  has  to  be 
performed  by  video  inspection,  the  effectiveness  factors  of  the  human  operator.  A  complete 
characterization  of  all  these  variables  in  the  evaluation  of  the  detection  threshold  is  quite 
difficult  and  would  necessitate  much  more  controlled  trials  than  the  one  reported  in  this 
section.  However,  efforts  have  been  deployed  to  take  into  account  some  of  these  variables  by 
establishing  different  apparent  temperature  contrast  thresholds  for  AT  and  AP  mines,  and 
for  the  day  and  night  periods.  The  apparent  temperature  contrast  plots  in  Figs.  15,  16,  17 
and  18  were  gathered  with  the  THV-1000  LWIR  camera.  These  contrasts  are  obtained  by 
following  the  same  procedure  as  the  one  described  in  Section  4.1  with,  this  time,  the  digital 
images  acquired  at  given  travel  distance  intervals,  while  driving  over  the  “Radar  Road”  site 
with  the  trial  vehicle.  The  evaluation  of  the  apparent  temperature  contrast  thresholds  are 
performed  in  two  steps.  First,  the  AT  and  AP  buried  mine  sites  axe  classified  as  detected  or 
not  by  visual  inspection  of  the  videotapes  recorded  with  the  IR  camera  during  the  different 
passes.  During  that  procedure,  to  limit  the  effects  of  knowing  where  the  mines  are  buried, 
special  caxe  is  taken  to  identify  only  clearly  observable  IR  signatures  as  detected  buried  mine 
sites.  From  this  visual  classification  and  the  digital  information,  an  apparent  temperature 
contrast  threshold  is  derived  by  identifying  the  levels  of  contrast  separating  the  detected 
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TABLE  V 


Spatial  positions  of  the  AT  and  AP  surrogates  on  the  “Radar  Road”  trial  site 


#  AT  surrogate 

#  post 

distance  (m) 

configuration 

depth  (cm) 

1 

1 

1.80 

r—  A 

T3.5,  1P1,  2P0.5 

2 

4 

3.20 

B 

T4,  1P0.5,  2P1.5 

3 

6 

1.80 

C 

T4,  1P0.5,  2P1 

4 

9 

3.20 

D 

T4.5,  1P2,  2P3.5 

5 

11 

1.80 

E 

Tl,  1P3,  2P1 

** 

12 

3.0 

F 

hole  only 

6 

14 

3.20 

F 

T2.5,  1P2.5,  2P1 

7 

16 

1.80 

A 

T2,  1P1.5,  2P1 

8 

19 

3.20 

B 

T5,  1P0. 5,  2P2 

9 

21 

1.80 

C 

T5.5,  1P2,  2P2.5 

!  10 

24 

3.20 

D 

T2,  1P1,  2P1.5 

11 

26 

1.80 

A 

T1.5,  1P0.5,  2P0.5 

** 

28 

2.0 

C 

hole  only 

12 

29 

3.20 

F 

T4,  1P1,  2P0.5 

13 

31 

1.80 

A 

Tl,  1P1.5,  2P1 

14 

34 

3.20 

B 

T3,  1P1,  2P1.5 

15 

36 

1.80 

C 

T1.5,  1P0. 5,  2P1 

16 

39 

3.20 

D 

T1.5,  1P2,  2P0.5 

17 

41 

1.80 

D 

T3,  1P1,  2P1 

** 

43 

2.0 

B 

hole  only 

18 

44 

3.20 

F 

T2,  1P0. 5,  2P1.5 

19 

46 

1.80 

C 

T6.5,  1P1.5,  2P0.5 

!  20 

49 

3.20 

B 

T3.5,  1P1,  2P2 

Notes:  For  each  AT  surrogate,  the  position  of  the  burying  site  is  measured  laterally  in 
metres  from  the  specified  numbered  post.  A  4-metre  distance  separates  each  post  along 
the  200-meter  section  of  the  road.  The  letters  in  the  configuration  column  refer  to  the  six 
possible  dispositions  of  the  two  AP  surrogates  buried  close  the  AT  surrogates  (see  Fig.  14). 
Finally,  the  depth  at  which  each  surrogate  is  buried  is  given  in  the  last  column:  the  letters 
T  and  P  identify  the  AT  and  AP  surrogates,  the  numbers  1  and  2  preceding  the  letter  P 
identify  the  two  AP  surrogates  in  reference  with  Fig.  14,  and  the  last  numbers  give  the 
depths  of  the  identified  surrogates  in  centimetres. 
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D  E 

Building  15  complex 


FIGURE  14  -  Drawings  giving  the  six  spatial  configurations  of  the  buried  AT  and  AP 
surrogates  used  during  the  “Radar  Road”  trials.  The  large  and  small 
black  circles  represent  the  AT  and  AP  surrogates,  respectively.  Each 
letter  identifies  a  configuration  and  the  numbers  1  and  2  identify  spe¬ 
cific  AP  surrogates.  These  letters  and  numbers  are  used  as  references 
in  Table  V.  The  arrow  specifies  the  orientation  of  the  configurations 
shown  in  reference  with  the  direction  of  the  Building  15  complex. 
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from  the  undetected  buried  mines  for  the  different  passes.  These  human-deduced  apparent 
temperature  contrast  thresholds  are  given  in  Table  VI. 

TABLE  VI 


Apparent  temperature  contrast  thresholds  by  human  perception 


Periods 

app.  temp,  contrast  threshold  (°C) 

AT 

AP 

day 

2 

2.5 

night 

0.5 

0.6 

Notes:  These  thresholds  are  approximated  by  evaluating  the  minimum  apparent  tempera¬ 
ture  contrasts  for  clearly  observable  IR  signatures  of  buried  mine  sites  when  performing  four 
passes  over  the  “Radar  Road”  trial  site.  The  detailed  apparent  temperature  contrast  distri¬ 
bution  of  the  buried  mines  used  to  establish  these  thresholds  are  shown  in  Figs.  15,  16,  17 
and  18. 


In  addition  to  the  acquisition  of  the  IR  images  with  the  THV-1000  camera,  tem¬ 
perature  profiles  of  the  soil  are  manually  sampled  before  each  pass  7 .  With  these  sampled 
temperature  profiles,  fits  axe  derived  using  the  method  described  in  Section  2.4  and  tem¬ 
perature  gradients  at  a  depth  of  7  cm  are  deduced.  These  thermal  characterizations  of  the 
soil  are  shown  for  each  pass  at  the  top  of  Figs.  15,  16,  17  and  18.  From  these  figures,  four 
important  conclusions  are  deduced: 

•  The  relative  apparent  temperature  contrast  variations  between  buried  mine  sites  when 
comparing  the  results  of  different  passes  can  be  related  to  two  possible  causes:  the 
error  involved  in  the  measure  of  the  apparent  temperature  contrast  due  to  human 
interpretations  and  (or)  the  inhomogeneity  of  the  local  thermal  characteristics  which 
can  vary  with  time  (as  the  variation  in  moisture  density). 

•  Figures  16  and  18  show  the  occurrence  of  a  weak  correlation  between  the  temperature 

7The  temperature  probe  is  positioned  on  the  “Radar  Road”  trial  site  at  the  beginning  of  the  road  section. 
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gradients  in  the  soil  and  the  averaged  apparent  temperature  contrasts  of  the  buried 
mines.  Beside  possible  experimental  errors,  these  plots  reveal  a  limit  of  applicability 
of  the  predicting  property  of  the  temperature  gradient.  This  can  be  related  to  the 
imprecision  of  the  measure  or  to  a  weakness  of  the  proposed  empirical  model  itself. 

•  Even  with  the  above  two  remarks,  as  observed  in  Section  4.1,  a  general  direct  relation 
is  observed  between  the  temperature  gradient  and  the  averaged  apparent  temperature 
contrast  of  the  buried  mine  sites. 

•  Finally,  the  higher  apparent  temperature  contrast  threshold  identified  during  daytime 
supports  the  theoretical  models  described  in  Chapter  2.0  predicting  the  increase  of 
inherent  thermal  noise  of  the  IR  images  of  the  road  by  the  sun  radiation  cluttering. 
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FIGURE  15  -  Plots  of  the  thermal  characteristics  of  the  dynamic  trial  performed 
April  27,  1995  (3:00  PM)  at  the  “Radar  Road”  trial  site.  The  upper 
graph  shows  the  acquired  (continuous  line)  and  fitted  (dashed  line) 
temperature  profile  of  the  soil  with  the  corresponding  temperature 
gradient  derived  at  a  depth  of  7  cm.  The  two  lower  graphs  show 
the  temperature  contrasts  of  the  AT  surrogates  and  the  AP  surro¬ 
gates  deduced  from  the  digital  images  acquired  during  the  pass.  The 
dashed  lines  on  these  two  lower  graphs  delimit  the  temperature  con¬ 
trast  thresholds  for  the  detection  of  AP  and  AT  surrogates.  These 
thresholds  have  been  defined  by  identifying  visually  the  detectable 
buried  mine  sites  from  the  videotape  and  by  classifying  their  corres¬ 
ponding  temperature  contrasts. 
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FIGURE  16  -  Plots  of  the  thermal  characteristics  of  the  dynamic  trial  performed  May 
1,  1995  (5:00  AM)  at  the  “Radar  Road”  trial  site.  The  upper  graph 
shows  the  acquired  (continuous  line)  and  fitted  (dashed  line)  tempe¬ 
rature  profile  of  the  soil  with  the  corresponding  temperature  gradient 
derived  at  a  depth  of  7  cm.  The  two  lower  graphs  show  the  tempe¬ 
rature  contrasts  of  the  AT  surrogates  and  the  AP  surrogates  deduced 
from  the  digital  images  acquired  during  the  pass.  The  dashed  lines 
on  these  two  lower  graphs  delimit  the  temperature  contrast  thresholds 
for  the  detection  of  AP  and  AT  surrogates.  These  thresholds  have 
been  defined  by  identifying  visually  the  detectable  buried  mine  sites 
from  the  videotape  and  by  classifying  their  corresponding  temperature 
contrasts. 
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FIGURE  17  -  Plots  of  the  thermal  characteristics  of  the  dynamic  trial  performed  May 
1,  1995  (3:00  PM)  at  the  “Radar  Road”  trial  site.  The  upper  graph 
shows  the  acquired  (continuous  line)  and  fitted  (dashed  line)  tempe¬ 
rature  profile  of  the  soil  with  the  corresponding  temperature  gradient 
derived  at  a  depth  of  7  cm.  The  two  lower  graphs  show  the  tempe¬ 
rature  contrasts  of  the  AT  surrogates  and  the  AP  surrogates  deduced 
from  the  digital  images  acquired  during  the  pass.  The  dashed  lines 
on  these  two  lower  graphs  delimit  the  temperature  contrast  thresholds 
for  the  detection  of  AP  and  AT  surrogates.  These  thresholds  have 
been  defined  by  identifying  visually  the  detectable  buried  mine  sites 
from  the  videotape  and  by  classifying  their  corresponding  temperature 
contrasts. 
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FIGURE  18  -  Plots  of  the  thermal  characteristics  of  the  dynamic  trial  performed  May 
2,  1995  (5:00  AM)  at  the  “Radar  Road”  trial  site.  The  upper  graph 
shows  the  acquired  (continuous  line)  and  fitted  (dashed  line)  tempe¬ 
rature  profile  of  the  soil  with  the  corresponding  temperature  gradient 
derived  at  a  depth  of  7  cm.  The  two  lower  graphs  show  the  tempe¬ 
rature  contrasts  of  the  AT  surrogates  and  the  AP  surrogates  deduced 
from  the  digital  images  acquired  during  the  pass.  The  dashed  lines 
on  these  two  lower  graphs  delimit  the  temperature  contrast  thresholds 
for  the  detection  of  AP  and  AT  surrogates.  These  thresholds  have 
been  defined  by  identifying  visually  the  detectable  buried  mine  sites 
from  the  videotape  and  by  classifying  their  corresponding  temperature 
contrasts. 
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IR  Detection  under  Winterlike  Conditions 

This  section  reports  one  of  the  earliest  trial  carried  out  for  the  ILDC  program.  This 
trial  was  designed  to  investigate  the  efficiency  of  the  IR  detection  in  a  winterlike  weather 
environment  (trial  performed  in  December  1994  and  January  1995).  For  this  work,  a  second 
THV-1000  borrowed  from  Defence  Research  Establishment  Valcartier  (DREV)  is  used.  This 
camera  did  not  have  the  digital  output  capability  (only  video  output)  and  had  a  lens  with 
a  FOV  of  20  x  13.3  degrees.  Also,  because  of  the  early  period  during  which  this  trial  was 
performed,  the  temperature  gradient  characterization  technique  was  not  used.  This  trial 
is  carried  out  on  the  “Radar  Road”  trial  site  in  a  way  similar  to  the  one  described  in  the 
previous  section.  However,  the  results  of  the  trial  are  extracted  exclusively  by  a  human 
inspection  of  the  IR  video  recorded.  This  method  implies  that  the  quantitative  results 
obtained  (percentage  of  detection  and  false  alarm  rate)  are  highly  dependent  on  the  human 
interpretation  of  what  are  a  detected  buried  mine  site  and  a  false  alarm.  This  is  even 
more  delicate  when  the  human  analyst  knows  where  the  buried  mines  are.  In  an  effort  to 
reduce  the  fluctuations  associated  with  the  human  interpretations,  only  the  IR  signatures 
of  buried  mines  with  clearly  observable  IR  contrasts  are  considered  as  detected.  On  the 
other  hand,  the  level  of  contrast  necessary  to  identify  a  false  alarm  is  kept  much  lower. 
Nevertheless,  even  with  the  serious  efforts  to  follow  these  two  criteria  and  the  fact  that 
the  values  shown  resulted  from  the  averaging  over  multiple  passes,  the  quantitative  values 
presented  should  be  considered  valid  only  within  10  %  for  the  AT  detection  efficiency,  20  % 
for  the  AP  detection  efficiency  and  within  40  %  for  the  false  alarm  rates  (AT  or  AP).  These 
quantitative  results  are  shown  in  Figs.  19,  20,  21  and  22  with  the  atmospheric  temperature 
fluctuations  over  the  month.  These  temperature  fluctuations  are  obtained  from  the  local 
weather  station.  With  the  purpose  of  easing  the  interpretation  of  these  results,  the  daytime 
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and  night-time  trials  are  shown  on  different  graphs.  The  encircled  numbers  in  the  four 
figures  refer  to  remarks  associated  with  one  specific  pass  and  are  given  in  appendix.  These 
results  were  the  first  ones  showing  in  a  perceptible  manner  the  improved  performance  at 
night  with  the  IR  technology.  It  should  also  be  mentioned  that  the  strong  thermal  surface 
effects  easily  observable  during  daytime  over  the  buried  mines  (see  the  description  of  the 
“Radar  Road”  site  in  Subsection  4.2.1)  for  the  two  months  of  trial  created  some  dilemma. 
At  first,  until  December  8th,  this  effect  was  not  considered  as  a  valid  criterion  of  detection. 
Then,  between  December  8th  and  19th,  even  if  the  IR  signatures  of  the  AP  mines  were  not 
spatially  separable  from  the  ones  produced  by  the  AT  mines  (see  the  spatial  distribution  of 
the  mines  buried  on  the  “Radar  Road”  trial  site  in  Fig.  14),  it  was  considered  that  all  mines 
would  be  detected.  Finally,  by  December  19th,  only  AP  IR  signatures  that  are  separable 
from  the  ones  produced  by  the  AT  mines  axe  considered  detected. 
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Daytime  trials:  December 


0  5  10  15  20 

day  of  month 


FIGURE  19  -  AT  and  AP  detection  efficiencies  and  false  alarm  rates  on  the  “Radar 
Road”  trial  site  during  daytime  with  the  December  temperature  evolu¬ 
tion.  The  detection  efficiencies  (the  two  upper  values)  are  percentages 
and  the  false  alarm  rates  (the  two  lower  values)  are  per  10  m  travelled. 
The  mines  buried  are  TMA-3  and  PNM-6  surrogates  and  the  detailed 
description  of  the  trial  is  given  in  the  paragraph  entitled  “IR  Detec¬ 
tion  under  Winterlike  Conditions”  on  page  48.  The  encircled  numbers 
refer  to  the  specific  description  of  the  passes  given  in  the  enumeration 
of  p.  Al. 
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Night-time  trials:  December 


0  5  10  15  20  . 
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FIGURE  20  -  AT  and  AP  detection  efficiencies  and  false  alarm  rates  on  the  “Radar 
Road”  trial  site  during  night-time  with  the  December  temperature 
evolution.  The  detection  efficiencies  (the  two  upper  values)  are  per¬ 
centages  and  the  false  alarm  rates  (the  two  lower  values)  are  per  10  m 
travelled.  The  mines  buried  are  TMA-3  and  PNM-6  surrogates  and 
the  detailed  description  of  the  trial  is  given  in  the  paragraph  entitled 
“IR  Detection  under  Winterlike  Conditions”  on  page  48.  The  encir¬ 
cled  numbers  refer  to  the  specific  description  of  the  passes  given  in  the 
enumeration  of  p.  A3. 
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Daytime  trials:  January 
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FIGURE  21  -  AT  and  AP  detection  efficiencies  and  false  alarm  rates  on  the  “Radar 
Road”  trial  site  during  daytime  with  the  January  temperature  evolu¬ 
tion.  The  detection  efficiencies  (the  two  upper  values)  are  percentages 
and  the  false  alarm  rates  (the  two  lower  values)  are  per  10  m  travelled. 
The  mines  buried  are  TMA-3  and  PNM-6  surrogates  and  the  detailed 
description  of  the  trial  is  given  in  the  paragraph  entitled  “IR  Detec¬ 
tion  under  Winterlike  Conditions”  on  page  48.  The  encircled  numbers 
refer  to  the  specific  description  of  the  passes  given  in  the  enumeration 
of  p.  A4. 
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Night-time  trials:  January 
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FIGURE  22  -  AT  and  AP  detection  efficiencies  and  false  alarms  rate  on  the  “Radar 
Road”  trial  site  during  night-time  with  the  January  temperature  evolu¬ 
tion.  The  detection  efficiencies  (the  two  upper  values)  are  percentages 
and  the  false  alarm  rates  (the  two  lower  values)  are  per  10  m  travelled. 
The  mines  buried  are  TMA-3  and  PNM-6  surrogates  and  the  detailed 
description  of  the  trial  is  given  in  the  paragraph  entitled  “IR  Detec¬ 
tion  under  Winterlike  Conditions”  on  page  48.  The  encircled  numbers 
refer  to  the  specific  description  of  the  passes  given  in  the  enumeration 
of  p.  A5. 
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4.2.2  Wainwright  Trial 


In  order  to  evaluate  the  capability  of  IR  technology  in  the  ILDC  program,  a  trial 
has  been  independently  prepared  by  the  Canadian  Forces  at  DRES.  This  trial  was  designed 
to  simulate  as  closely  as  possible  the  demining  operations  addressed  by  the  ILDC  program. 
With  this  goal  in  mind,  two  road  sections  were  chosen  at  Canadian  Forces  Base  Wainwright. 
The  first  road  (see  upper  picture  shown  in  Fig.  23),  intended  to  reproduce  demining  ope¬ 
rations  on  a  packed  gravel  road  without  shadowed  area,  was  approximately  5  km  long.  The 
second  road  (see  lower  picture  shown  in  Fig.  24),  a  sand  road  8  approximately  4.5  km  long 
with  heavy  vegetation  sections,  was  chosen  to  simulate  the  situations  in  which  a  road  is 
partially  covered  by  shadow.  The  day  before  the  trial,  a  mixture  of  different  types  of  real 
anti-tank  mines  (TMA-3,  Mk-7,  M21,  VS-2.2),  real  antipersonnel  mines  (VS-50,  PMA-3) 
and  surrogates  were  buried  randomly  along  these  two  roads.  The  depths  at  which  these 
mines  were  buried  varied  from  less  than  1  cm  for  the  AP  mines  to  a  maximum  of  5  cm  for 
the  AT  mines.  Tables  VII  and  VIII  describe  in  detail  the  spatial  distribution  of  these  mines 
along  the  packed  gravel  and  the  sand  roads,  respectively. 

During  the  five  days  following  the  burying  of  the  mines,  12  passes  were  performed 
on  the  packed  gravel  and  the  sand  roads  (6  passes  for  each  type  of  road).  For  each  road, 
three  passes  were  done  during  daytime  and  three  during  night-time.  With  the  intent  to 
evaluate  the  efficiency  of  the  technology  in  optimum  and  poor  conditions,  the  daytime 
passes  were  performed  just  after  the  morning  transition  period,  at  optimum  day  period, 
and  just  before  the  evening  transition  period  9.  Similarly,  the  three  night-time  passes  were 

performed  just  after  the  evening  transition  period,  at  the  optimum  night  period,  and  just 

8A  section  of  that  road  including  the  buried  mine  sites  1  to  5  (see  Table  VIII)  was  made  of  packed  gravel. 

9The  exact  timing  of  these  passes  relative  to  the  exact  moment  of  the  heat  flow  inversion  may  slightly  differ 
because  of  the  geographic  latitude  difference  between  DRES  and  Wainwright  and  the  natural  day-to-day 
variations  of  the  moments  of  these  transitions. 
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before  the  morning  transition  period. 


FIGURE  23  -  Representative  photographs  of  the  packed  gravel  road  used  for  the 
Wainwright  trial 

Each  pass  was  performed  with  the  trial  vehicle  and  the  THV-1000  LWIR  camera. 
For  each  pass,  two  operators  who  had  no  more  than  two  hours  of  practice  in  visual  ins¬ 
pection  of  typical  LWIR  videos  of  buried  mines  and  the  author  of  this  document  were 
monitoring  successively  20  minutes  of  video  output  from  the  IR  camera,  while  the  vehicle 
was  travelling  on  one  of  the  two  types  of  road  at  a  speed  ranging  between  2.5  and  3  km/h. 
During  their  IR  video  monitoring  shifts,  the  operators  used  three  different  identification 
calls  when  suspicious  sites  appeared  in  the  FOV  of  the  camera:  AT,  AP  and  unknown. 
The  identification  “unknown”  was  used  when  suspect  areas  with  strong  thermal  surface 
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FIGURE  24  -  Representative  photographs  of  the  sand  road  used  for  the  Wainwright  trial 
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TABLE  VII 


Mine  spatial  distribution  on  the  packed  gravel  road  in  the  Wainwright  trial 


Site 

Distance  (m) 

Position 

Mine  type 

left 

centre 

right 

1 

180 

1AT 

1-TSUR 

2 

247 

1AT 

1-TSUR 

3 

386 

1AT 

1-TSUR 

4 

437 

1AT 

1-TSUR 

5 

567 

1AT 

1-TSUR 

6 

759 

1AT 

1-TMA3 

7 

902 

1AT 

1AT 

1-TM  A3  /  1-TM62 

8 

1030 

1AT 

1-M21 

9 

1124 

1AT 

1AT 

2-TSUR 

10 

1195 

1AT/1AP 

1-MK7/1-VS50 

11 

1254 

1AT 

1AT 

1-VS2.2/1-M21 

12 

1436 

1AT 

1AP 

1-M21/1-VS50 

13 

1535 

1AT 

1-MK7 

14 

1712 

1AT 

1-MK7 

15 

1817 

1AT/2AP 

1-TMA3/2-PSUR 

16 

1999 

1AT 

1-MK7 

17 

2181 

1AT 

1-MK7 

18 

2235 

2AP 

2-PSUR 

19 

2286 

1AT 

1AT 

1-MK7/1-TM62 

20 

2447 

1AT 

1AP 

1-M21/1-VS50 

21 

2613 

1AT 

1-TMA3 

22 

2771 

1AP 

1-PMA3 

23 

2869 

1AT 

1-MK7 

24 

3067 

1AT 

1AT 

2-M21 

25 

3165 

1AT 

1-M21 

26 

3255 

1AT 

1AT 

1-MK7/1-TSUR 

27 

3401 

1AT 

1-TMA3 

28 

3587 

1AT/2AP 

1-M21/2-VS50 

29 

3658 

1AT 

1-MK7 

30 

3763 

2AP 

1-PSUR/2-PMA3 

31 

3862 

1AT 

1AT 

2-TSUR 

32 

3979 

1AT 

1-M21 

33 

4069 

1AT/2AP 

1-M21/2-VS50 

34 

4213 

1AT 

1-MK7 

35 

4306 

1AP 

1AP 

2-VS50 

36 

4458 

1AP 

1-PMA3 

37 

4652 

1AT 

1-M21 

38 

4850 

1AP 

1-VS50 

39 

4936 

2AP 

1AT 

2-PMA3/1-M21 

Notes:  The  numbers  in  the  site  and  distance  columns  identify  the  buried  mine  sites  and 
its  distance  from  the  starting  point  of  the  pass  in  metres.  The  position  columns  identify 
the  class  of  mine  and  its  approximative  location  across  the  road.  The  mine  type  column 
describes  the  type  of  mine  buried  (TSUR,PSUR:  AT,AP  surrogate)  and  the  numbers  pre¬ 
ceding  the  acronyms  define  the  quantities  of  the  specified  mines. 
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TABLE  VIII 


Mine  spatial  distribution  on  the  sand  road  in  the  Wainwright  trial. 


Site 

Distance  (m) 

Position 

Mine  types  j 

left 

centre 

right 

1 

80 

1AT 

1-TSUR 

2 

174 

1AT 

1-TSUR 

3 

270 

1AT 

l-TSUR 

4 

390 

1AT 

1-TSUR 

5 

520 

1AT 

1-TSUR 

6 

719 

1AT/2AP 

1-TSUR/2-PSUR 

7 

812 

1AT 

1-M21 

8 

899 

1AT 

1-MK7 

9 

983 

1AT 

1-M21 

10 

1187 

1AT 

1-TMA3 

11 

1286 

1AT/2AP 

1-M21/2-VS50 

12 

1464 

1AT/2AP 

1-TSUR/2-PMA3 

13 

1526 

1AT 

1AT 

1-TSUR/1-TMA3 

14 

1592 

1AT/2AP 

1-M21/2-VS50 

15 

1691 

1AT 

1-TMA3 

16 

1784 

1AT 

2AP 

1-TSUR/1-PSUR/1-PMA3 

17 

1875 

1AT 

1-MK7  ; 

18 

1994 

1AT 

1AT 

2-TSUR 

19 

2118 

1AT 

1-TMA3 

20 

2194 

1AT 

1-MK7 

21 

2501 

1AT/2AP 

1-M21/2-PMA3 

22 

2682 

1AT 

1-MK7 

23 

2969” 

1AT 

1-TSUR  j 

24 

3085 

1AT 

1-M21 

25 

3356 

1AP 

1AT 

1-VS50/1-TSUR 

26 

3573 

1AT 

1AP 

1-M21/1-VS50 

27 

3754 

1AT/2AP 

1-TSUR/2-VS50 

28 

3893 

1AT 

1-MK7 

29 

4047 

1AT 

1AT 

2-TM62 

30 

4152 

1AT 

2AP 

1-M21/2-PSUR 

31 

4266 

1AT/2AP 

1-MK7/2-VS50 

32 

4418 

1AT 

1-TSUR 

33 

4528 

1AT 

1AT 

1-VS2.2/1-TSUR 

Note:  The  columns  are  defined  as  in  Table  VII. 
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effects  which  might  hide  potential  thermal  volume  effects  were  seen.  An  observer,  positioned 
behind  the  operator,  received  a  confirmation  of  the  presence  of  buried  mine  sites  in  the  FOV 
of  the  IR  camera  by  communicating  with  the  driver  10 ;  this  allowed  him  to  record  successful 
detections  pointed  by  the  operator.  Other  functions  of  the  observer  were  to  tabulate  all 
false  detections  called  by  the  operator  and  also  to  report  if  himself  was  able  to  observe  the 
IR  signature  of  a  buried  mine  when  its  presence  in  the  FOV  was  confirmed  by  the  driver. 
The  information  compiled  by  the  observer  was  later  analyzed  in  laboratory.  During  this 
analysis,  identification  calls  (AT,  AP,  or  unknown)  reporting  real  buried  mine  sites  were 
classified  as  successful  detections.  For  burying  mine  sites  showing  large  surface  thermal 
effects  covering  multiple  buried  mines  (AT  or  AP),  all  mines  were  considered  detected  when 
identified  by  the  operator.  Table  IX  reports  quantitatively  the  detection  efficiencies  of  the 
operators  and  the  observer  for  the  different  types  of  mine  and  the  false  alarm  rates  compiled 
from  the  observer’s  notes.  Furthermore,  the  types  of  thermal  effects  (surface,  volume,  or 
their  combination)  were  evaluated  from  the  IR  video  inspection  made  in  laboratory  and  is 
reported  as  well  in  Table  IX. 

In  addition  to  the  video  recording  of  the  different  passes,  one  IR  digital  image  of 
the  road  was  taken  for  each  metre  travelled  over  the  first  3.5  km  of  road *  11 .  In  parallel  with 
the  digital  recording,  the  temperature  profile  of  the  ground  was  sampled  each  half  hour. 
The  probe  was  positioned  at  the  beginning  of  the  packed  gravel  road.  Later  in  laboratory, 
the  digital  images  were  used  to  quantify  the  temperature  contrasts  of  the  different  buried 
mines  detected  by  the  operator  and  the  temperature  gradients  at  a  depth  of  7  cm  were 

derived  with  the  method  described  in  Section  2.4.  Figures  25,  26,  27,  28,  29  and  30  show 

10  A  system  of  stakes  placed  along  the  side  of  the  road  (outside  the  FOV  of  the  IR  camera)  allowed  the 
driver  to  identify  precisely  when  a  buried  mine  site  was  in  the  FOV  of  the  camera. 

llFor  some  passes  identified  in  Figs.  27  and  28,  a  computer  breakdown  prevented  the  digital  recording  of 
the  IR  images. 
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TABLE  IX 

Detection  efficiencies  and  false  alaxm  rates  obtained  in  the  Wainwright  trial 


Time 

Per. 

%  of  Detection 

FA/lOm 

Det  Type  (%) 

AT 

AP 

AT 

AP 

AH 

S 

M21 

MK7 

TMA3 

TM62 

VS2.2 

AH 

S 

VS50 

PMA3 

AT 

AP 

u 

V 

S 

V+S 

V 

S 

V+S 

08:30-10:20 

Oper. 

55(40) 

70(10) 

25(12) 

70(10) 

60(5) 

100(2) 

0(1) 

21(19) 

40(5) 

20(10) 

0(4) 

0.55 

1.06 

0.21 

0 

55 

40 

11 

53 

11 

Obs. 

65(40) 

90(10) 

42(12) 

70(10) 

60(5) 

100(2) 

0(1) 

32(19) 

40(5) 

20(10) 

50(4) 

14:10-15:55 

Oper. 

80(40) 

100(10) 

83(12) 

70(10) 

60(5) 

50(2) 

100(1) 

65(20) 

60(5) 

70(10) 

60(5) 

0.77 

1.28 

0.15 

0 

40 

50 

10 

50 

20 

Obs. 

60(40) 

60(10) 

42(12) 

60(10) 

100(5) 

50(2) 

100(1) 

75(20) 

100(5) 

70(10) 

60(5) 

17:10-18:55 

Oper. 

68(40) 

70(10) 

58(12) 

80(10) 

60(5) 

100(2) 

0(1) 

65(20) 

60(5) 

70(10) 

60(5) 

0.43 

0.84 

0.07 

0 

50 

28 

30 

35 

10 

Obs. 

55(40) 

70(10) 

42(12) 

50(10) 

60(5) 

100(2) 

0(1) 

45(20) 

60(5) 

50(10) 

20(5) 

Day  passes,  gravel  packed  road  (July  24,1995) 


Time 

Per. 

%  of  Detection 

FA/lOro 

Det  Type  (%) 

AT 

AP 

AT 

AP 

All 

S 

M21 

MK7 

TJV1A3 

TM62 

VS2.2 

All 

S 

VS50 

PMA3 

AT 

AP 

U 

V 

S 

V+S 

V 

S 

V+S 

08:15-09:50 

Oper. 

46(35) 

67(15) 

0(7) 

17(6) 

75(4) 

100(2) 

0(1) 

0(16) 

0(5) 

0(10) 

0(1) 

0.78 

0.89 

0.07 

37 

0 

11 

0 

0 

0 

Obs. 

49(35) 

73(15) 

0(7) 

17(6) 

75(4) 

100(2) 

0(1) 

0(16) 

0(5) 

0(10) 

0(1) 

14:40-16:20 

Oper. 

49(37) 

81(16) 

25(8) 

33(6) 

*25(4) 

0(2) 

0(1) 

15(20) 

60(5) 

0(10) 

0(5) 

0.45 

0.83 

0.11 

41 

8 

11 

30 

0 

0 

Obs. 

60(37) 

81(16) 

38(8) 

50(6) 

50(4) 

0(2) 

100(1) 

25(20) 

60(5) 

20(10) 

0(5) 

18:20-19:55 

°per- 

76(37) 

100(16; 

38(8) 

50(6) 

75(4) 

100(2) 

100(1) 

45(20) 

100(5; 

10(10) 

60(5) 

0.37 

0.90 

0.18 

73 

5 

3 

45 

0 

0 

Obs. 

76(37) 

100(16; 

38(8) 

50(6) 

75(4) 

100(2) 

100(1) 

45(20) 

100(5; 

10(10) 

60(5) 

Day  passes,  sand  road  (July  25,  1995) 


Time 

Per. 

%  of  Detection 

FA/lOm 

Det  Type  (%) 

AT 

AP 

AT 

AP 

AH 

s 

M21 

MK7 

TMA3 

TM62 

VS2.2 

AH 

S 

VS50 

PMA3 

AT 

AP 

U 

V 

S 

V+S 

V 

S 

V+S 

21:20-23:05 

Oper. 

68(40) 

40(10) 

75(12) 

90(10) 

60(5) 

100(2) 

0(1) 

25(20) 

60(5) 

10(10) 

20(5) 

0.59 

0.65 

0.32 

65 

13 

5 

35 

5 

10 

Obs. 

63(40) 

40(10) 

58(12) 

90(10) 

60(5) 

100(2) 

0(1) 

50(20) 

80(5) 

30(10) 

60(5) 

03:00-04:40 

Oper. 

100(40) 

100(10) 

100(12) 

ioo(io; 

100(5) 

100(2) 

100(1) 

65(20) 

100(5) 

50(10) 

60(5) 

0.13 

0.50 

0.12 

95 

2,5 

2.5 

75 

0 

0 

Obs. 

100(40) 

ioo(io; 

100(12) 

100(10 

100(5) 

100(2) 

100(1) 

75(20) 

100(5; 

70(10) 

60(5) 

06:15-08:00 

Oper. 

93(40) 

ioo(io; 

75(12) 

ioo(io; 

100(5) 

100(2) 

100(1) 

25(20) 

40(5) 

10(10) 

40(5) 

0.24 

0.55 

0.28 

73 

5 

18 

20 

20 

0 

Obs. 

95(40) 

loooo; 

83(12) 

ioo(io; 

100(5) 

100(2) 

100(1) 

40(20) 

60(5) 

30(10) 

40(5) 

Night  passes,  gravel  packed  road  (July  26-27,1995) 


Time 

Per. 

%  of  Detection 

FA/lOm 

Det  Type  (%) 

AT 

AP 

AT 

AP 

A1I 

S 

M21 

MK7 

TMA3 

TM62 

VS2.2 

A1I 

S 

VS50 

PMA3 

AT 

AP 

U 

V 

S 

V+S 

V 

S 

V+S 

21:15-22:50 

Oper. 

38(37) 

44(16) 

25(8) 

17(6) 

25(4) 

100(2) 

100(1) 

20(20) 

20(5) 

10(10) 

40(5) 

0.24 

0.60 

0.84 

38 

14 

0 

20 

0 

0 

Obs. 

51(37) 

50(16) 

38(8) 

33(6) 

75(4) 
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Night  passes,  sand  road  (July  27-28,  1995) 


Notes:  The  detection  efficiencies  axe  given  for  the  operators  and  the  observer  for  each 
mine  type  and  overall  (the  numbers  between  parentheses  are  the  quantities  of  buried  mines 
included  in  the  statistical  evaluations).  The  false  alarm  rates  are  classified  as  AT,  AP, 
or  unknown  as  specified  by  the  operators.  The  detection  types  (volume  or  (and)  surface 
thermal  effects)  are  evaluated  independently  in  laboratory  from  the  recorded  videotapes. 
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the  detection  efficiency  of  the  operator,  "the  thermal  effects  (surface  or  volume)  by  which  the 
buried  mines  were  detected,  the  temperature  contrasts  of  the  detected  buried  mines  and  the 
temperature  gradients  which  are  derived  from  these  acquired  experimental  data.  For  this 
compilation,  the  temperature  contrasts  may  be  the  averages  of  multiple  buried  mines  from 
a  same  site.  The  following  sections  address  different  aspects  of  the  use  of  the  IR  technology 
to  detect  buried  mines.  These  aspects  were  observed  during  this  trial  and  are  of  interest 
for  the  ILDC  program. 

IR  Detection  over  Shadowy  Road 

An  important  scenario  investigated  for  the  ILDC  program  in  the  Wainwright  trial 
was  the  efficiency  of  IR  technology  to  detect  buried  mine  sites  when  close  vegetation  crea¬ 
tes  shadow  on  sections  of  the  road.  Unfortunately,  a  malfunction  of  the  digital  acquisition 
system  during  the  daytime  passes  on  the  sand  road  prevented  the  gathering  of  quantitative 
data  of  this  phenomenon.  Nevertheless,  these  specific  passes  have  been  recorded  on  video¬ 
tapes.  From  these  video  recordings  and  as  reported  by  the  operators,  it  has  been  observed 
that  the  presence  of  shadow  covering  partially  the  surface  of  the  road  complicates  seriously 
the  interpretation  of  the  IR  images.  These  difficulties  are  created  by  the  large  apparent 
temperature  variations  between  the  sunny  and  shadowy  areas  of  the  road  which  could  be 
many  times  greater  than  the  apparent  temperature  contrast  associated  with  a  buried  mine 
site.  The  situation  may  be  even  more  severe  if  the  vegetation  screens  only  partially  the  road 
and  generates  an  intermingling  of  sunny  and  shadowy  surfaces  of  size  comparable  with  the 
searched  IR  signatures.  However,  as  shown  in  Fig.  31,  the  formation  of  the  IR  signature  of 
a  buried  mine  is  possible  in  shadowy  roads  sections. 
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FIGURE  25  -  Dynamic  representations  of  the  passes  simulating  the  ILDC  scenario 
in  the  Wainwright  trial  after  the  morning  transition  period  (upper 
plot)  and  at  the  optimum  daytime  (lower  plot)  over  the  packed  gravel 
road.  The  numbers  identify  the  mine  sites  described  in  Table  VII.  The 
symbol  definition  list  given  in  the  upper  plot  describes  also  the  lower 
plot.  A  quantitative  evaluation  of  the  detection  efficiencies  and  of  the 
false  alarm  rates  for  these  passes  can  be  found  in  Table  IX. 
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FIGURE  26  -  Dynamic  representations  of  the  passes  simulating  the  ILDC  scenario 
in  the  Wainwright  trial  before  the  evening  transition  period  over  the 
packed  gravel  road  (upper  plot)  and  after  the  morning  transition  pe¬ 
riod  over  the  sand  road  (lower  plot).  The  numbers  identify  the  mine 
sites  described  in  Table  VII  for  the  upper  plot  and  in  Table  VIII  for  the 
lower  plot.  The  symbol  definition  list  given  in  the  lower  plot  describes 
also  the  upper  plot.  The  sudden  inversion  observed  in  the  temperature 
gradient  curve  between  17:15  and  18:15  (upper  plot)  coincides  with  a 
light  rainfall.  A  quantitative  evaluation  of  the  detection  efficiencies 
and  of  the  false  alarm  rates  for  these  passes  can  be  found  in  Table  IX. 
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FIGURE  27  -  Dynamic  representations  of  the  passes  simulating  the  ILDC  scenario  in 
the  Wainwright  trial  at  the  optimum  daytime  period  (upper  plot)  and 
before  the  evening  transition  period  (lower  plot)  over  the  sand  road. 
The  numbers  identify  the  mine  sites  described  in  Table  VIII.  During 
these  two  passes,  a  malfunction  of  the  digital  acquisition  system  pre¬ 
vented  the  measures  of  the  temperature  contrasts  of  the  buried  mines. 
A  quantitative  evaluation  of  the  detection  efficiencies  and  of  the  false 
alarm  rates  for  these  passes  can  be  found  in  Table  IX. 
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FIGURE  28  -  Dynamic  representations  of  the  passes  simulating  the  ILDC  scenario  in 
the  Wainwright  trial  after  the  evening  transition  period  (upper  plot) 
and  at  the  optimum  night-time  period  (lower  plot)  over  the  packed 
gravel  road.  The  numbers  identify  the  mine  sites  described  in  Ta¬ 
ble  VII.  During  the  optimum  night-time  period,  a  malfunction  of  the 
digital  acquisition  system  prevented  the  measures  of  the  temperature 
contrasts  of  the  buried  mines.  A  quantitative  evaluation  of  the  detec¬ 
tion  efficiencies  and  of  the  false  alarm  rates  for  these  passes  can  be 
found  in  Table  IX. 
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FIGURE  29  -  Dynamic  representations  of  the  passes  simulating  the  ILDC  scenario 
in  the  Wainwright  trial  before  the  morning  transition  period  over  the 
packed  gravel  road  (upper  plot)  and  after  the  evening  transition  period 
over  the  sand  road  (lower  plot).  The  numbers  identify  the  mine  sites 
described  in  Table  VII  (upper  plot)  and  in  Table  VIII  (lower  plot). 
The  symbol  definition  list  given  in  the  lower  plot  describes  also  the 
upper  plot.  A  quantitative  evaluation  of  the  detection  efficiencies  and 
of  the  false  alarm  rates  for  these  passes  can  be  found  in  Table  IX. 


P502142.PDF  [Page:  79  of  120] 


UNCLASSIFIED 

67 


o  - 


O 


w 

05 


c  -1 

O 

<D 


03 

O  ”2 
Q. 

E 

0) 

Q. 

£--3 

03 


. 

i  * 

' 

1 

1 

' 

'  1  14  ‘ 

i  '  > 

_ 

31  28 

26 

15 

f 

X 

X 

X 

XX 

j 

A 

1 

A 

A 

A 

1 

'a 

A 

1 

1 

1 

1 

_ 

* 

A  1 

I 

I 

[ 

: 

l  1 

1  l 

1  l 

1  t 

1 

1 

A 

1 

1 

X 

1 

1 

! 

1  1 

!  1 

1 

J 

I 

1 

A  'A  ^ 

_ 

1  I 

1  1 

1 

1 

t 

1 

A  M  1  ll 

: 

1  I 

1  i 

I  i 

I  i 

1  1 

1  1 

1  I 

1  1 

i 

1 

1 

1 

I 

1 

1 

1 

1 

1  A 

I  I 

1  1 

I 

1 

1 

1 

lilt  1 1 

£l  II  1  1 1 

I  1  1  It  1! 

II  1  1  I  U 

- 

I  l 

l  i 

l  i 

1  f 

I 

1 

1 

I 

1  I 

1  1 

1 

I  1  1  1  l  11 

II  t  1  1  II 

1  I 

I  { 

i 

1 

1  l 

i  & 

II  III  II 

i 

cn 

CO 

□ 

□ 

□□ 

+  □ 

mam  od 

□ 

CXHCJ 

nnrn  i  — 

- 

33 

30 

27 

25 

24 

2221 

20  1817  13 

10 

987  6 

5  4  321 

■ 

32 

29 

23 

19  16  12 

- 

J _ 

_ L 

.  1 

I 

0.0 


-0.2 


-0.4 


-0.6 


3.0 


3.5 


4.0 


4.5 


CD 

3 

"8 

S 

c 

CD 

CQ 

3 

CL 

CD' 
13 
«— «* 

o 

Q 

o 

3 


time  of  day  (h) 


time  of  day  (h) 

FIGURE  30  -  Dynamic  representations  of  the  passes  simulating  the  ILDC  scenario 
in  the  Wainwright  trial  during  the  optimum  night-time  period  (up¬ 
per  plot)  and  before  the  morning  transition  period  (lower  plot)  over 
the  sand  road.  The  numbers  identify  the  mine  sites  described  in  Ta¬ 
ble  VIII.  The  symbol  definition  list  given  in  the  lower  plot  describes 
also  the  upper  plot.  A  quantitative  evaluation  of  the  detection  effi¬ 
ciencies  and  of  the  false  alarm  rates  for  these  passes  can  be  found  in 
Table  IX. 
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Wainwright,  July  25  1995 
Route  #2,  Sand  Road 
time:  15:09 


FIGURE  31  —  Picture  of  the  IR  signature  of  a  buried  mine  on  a  shadowy  section  of 
a  road  (circled  blob).  This  picture  is  digitized  from  the  video  output 
during  the  optimum  daytime  period  over  the  sand  road. 
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Spatial  Correlation  of  the  Temperature  Gradient  Measurements 

For  the  trials  preceding  the  Wainwright  experiment,  the  temperature  gradient  mo 
nitoring  parameter  was  always  measured  on  one  specific  site.  For  a  dynamic  trial  as  the  one 
reported  in  this  section,  it  is  easy  to  question  the  value  of  this  measurement  if  the  demining 
operation  using  IR  technology  is  performed  at  great  distance  from  the  temperature  probe. 
In  order  to  evaluate  this  aspect  of  the  monitoring  technique,  two  temperatures  probes  were 
used  in  the  Wainwright  trial.  The  first  probe,  located  at  the  beginning  of  the  packed  gravel 
road,  acquired  automatically  the  temperature  profile  of  the  ground  each  half  hour.  The 
second  probe,  also  located  on  the  packed  gravel  road  but  3.5  km  further  than  the  first 
one,  was  sampled  manually  at  different  times  during  the  5-day  trial.  Figure  32  shows  the 
temperature  gradients  obtained  with  the  temperature  profiles  of  these  two  probes.  This  plot 
shows,  for  the  15  manually  temperature  profiles  sampled,  a  relatively  good  correlation.  For 
more  than  70  %  of  the  cases,  the  temperature  gradient  differences  between  the  two  probes 
are  less  than  15  %  or  less  than  .l°C/cm.  For  the  cases  left,  two  of  them  show  temperature 
gradient  differences  between  30  %  and  35  %  (star  symbols  identified  with  a  triangle)  and 
two  others  have  a  difference  between  50  %  and  60  %.  These  four  important  differences 
occurred  at  night. 

Effect  of  the  Wind  on  the  Efficiency  of  Detection 

One  may  observe,  in  Table  IX,  the  poorer  detection  efficiency  obtained  during  the 
optimum  daytime  (14:40-16:20)  over  the  sand  road  when  compared  with  the  one  performed 
close  to  the  evening  transition  period  (18:20-19:55).  This  can  be  explained  by  the  high 
wind  existing  during  that  optimum  daytime  period.  The  wind  over  a  sand  road  moves 
constantly  the  top  layer  of  soil.  As  a  consequence,  the  heat  dynamic  responsible  for  the 
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FIGURE  32  -  Plot  of  the  spatial  correlation  of  the  temperature  gradients  in  the 
Wainwright  trial.  The  continuous  line  reports  the  temperature  gra¬ 
dients  measured  with  the  automatic  acquisition  system  and  the  star 
symbols  show  the  temperature  gradients  measured  manually.  The  two 
measures  were  taken  3.5  km  apart  on  the  packed  gravel  road.  The  star 
symbols  identified  with  triangles  and  circles  point  occurrences  where 
the  temperature  gradients  measured  in  the  two  sites  differ  by  more 
than  30  %  and  50  %,  respectively. 

formation  of  the  buried  mine  IR  signature  do  not  have  the  time  to  stabilize  and  only  weak 
temperature  contrasts  appear.  This  effect  is  even  more  important  that  the  temperature 
gradient  monitoring  technique  do  not  predict  adequately  this  poor  condition  of  detection 
(this  last  assertion  is  deduced  by  comparing  the  temperature  gradient  of  these  two  passes 
in  Fig.  27).  Therefore,  it  is  important  to  identify  this  environmental  condition  (wind  over 
sand  road)  as  one  where  the  IR  technology  may  perform  poorly  at  detecting  buried  mines. 
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Effect  of  Road  Grading  on  the  IR  Signature  of  Buried  Mines 

A  secondary  trial  investigating  the  effects  of  grading  packed  gravel  roads  with  heavy 
equipment  on  the  buried  mine  IR  signatures  has  been  performed  at  the  end  of  the  Wain- 
wright  trial.  The  goal  of  this  operation  was  to  evaluate  the  level  of  deterioration  in  the 
formation  of  the  buried  mine  IR  signatures  after  serious  perturbations  in  the  overall  ther¬ 
mal  properties  of  the  road.  The  reason  for  this  test  is  the  potential  future  needs  identified 
by  the  ILDC  program  for  road  preparation  before  demining  (this  road  preparation  may 
become  a  necessity  to  protect  the  ILDC  vehicle  against  booby  traps).  To  obtain  this  type 
of  information,  a  plough  was  requested  from  the  Base.  Then,  we  asked  the  driver  to  grad 
the  road  as  he  usually  does  for  maintenance.  In  45  minutes,  he  made  three  passes:  two  of 
these  passes  were  intended  to  bring  soils  from  the  sides  of  the  road  to  the  centre  and  the 
last  pass  was  done  to  even  the  moved  soil.  Thirty  minutes  after  the  last  pass  ,  the  trial 
vehicle  was  used  as  before  to  evaluate  the  detection  efficiency  of  IR  technology.  This  pass 
with  the  trial  vehicle  was  done  near  the  optimum  daytime  period.  The  main  results  from 
this  evaluation  are: 

•  The  IR  signatures  of  buried  mines  axe  still  easily  observable  after  road  grading  as  long 
as  the  total  thickness  of  the  soil  above  the  buried  mine  is  less  than  10  cm  as  for  the 
case  of  buried  mines  without  hole  effects  (see  Section  2.1). 

•  The  effect  of  grading  the  road  eliminates  the  thermal  surface  effect  by  making  the  soil 
surface  uniform. 

•  The  grading  operation  perturbs  the  thermal  state  of  the  road  and  a  minimum  period 
of  half  an  hour  is  necessary  before  an  acceptable  thermodynamic  equilibrium  allowing 
the  clear  formation  of  the  buried  mine  IR  signatures  is  reached. 
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4.2.3  Spatial  Structures  Associated  with  the  IR  Signatures  of  Buried  Mines 

An  interesting  observation  resulting  from  the  Wainwright  trial  is  the  discovery 
of  the  spatial  signatures  associated  with  the  IR  blobs  of  specific  buried  mines.  Figure  33 
shows  the  example  of  the  MK7  anti-tank  mine.  This  mine  shows  regularly,  for  the  different 
passes,  a  ring-shaped  IR  signature  (white  or  black  depending  on  the  direction  of  the  heat 
flow).  It  is  assumed  that  this  structure  is  closely  related  to  the  spatial  variation  of  the  heat 
conductivity  across  the  thickness  of  the  mine.  Other  geometric  shapes,  shown  with  less 
clearness,  were  also  observed  with  other  types  of  mines.  These  findings  open  the  door  to 
the  possibility  of  identifying  buried  mines  from  the  spatial  aspect  of  their  IR  blobs. 


Typical  IR  signature  of  the  MK-7 


Wainwright,  July  27  1995 
Route  #2,  Sand  Road 
time:  22:01 


FIGURE  33  -  Picture  of  the  typical  ring  IR  signature  associated  with  the  MK7  AT 
mine  (circled  blob) 
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Validity  of  the  IR  Signature  Associated  with  the  Developed  Mine  Surrogates 

In  Section  3.4,  the  description  of  the  making  of  IR  surrogates  based  on  the  use 
of  the  “Uniroyal  Adiprene-100”  to  simulate  the  Yugoslavian  TMA-3  anti-tank  mine  was 
introduced.  This  choice  was  based  on  the  similar  thermal  characteristics  between  this 
material  and  TNT.  In  support  of  that  design,  Fig.  34  shows  side  by  side  the  IR  signatures 
of  this  AT  surrogate  and  the  TMA-3.  Quantitative  measurements  from  the  digital  image 
report  a  difference  in  contrast  smaller  than  30  %.  This  result  tends  to  confirm,  at  least 
in  a  semi-dry  environment,  the  validity  of  the  use  of  this  surrogate  to  simulate  the  IR 
characteristics  of  the  TMA-3  when  buried.  The  advantages  associated  with  the  use  of  these 
IR  surrogates  instead  of  the  real  TMA-3  are  to  simplify  greatly  the  security  precautions 
associated  with  the  manipulation  of  real  mines. 

4.3  Miscellaneous  Behaviours  of  Buried  Mine  IR  Signatures  to  External  Effects 

This  section  reports  the  earliest  experimental  evaluations  of  IR  technology  used  as 
a  tool  to  detect  buried  mines  for  the  ILDC  program.  For  this  trial,  we  use  the  THV-782 
LWIR  camera  and  a  frame  grabber  to  sample  manually  the  images  provided  by  the  camera 
or  in  an  automatic  mode  at  specific  time  intervals.  The  site  used  is  the  same  than  the  one 
described  in  Section  4.1  (Canadian  Prairies  site).  However,  the  results  shown  in  this  section 
were  gathered  only  a  few  days  after  burying  the  two  TMN-46  surrogates.  The  behaviours 
of  the  buried  mine  IR  signatures  in  response  to  the  external  effects  (natural  or  artificial) 
investigated  in  this  trial  were  analyzed  to  answer  important  questions  posed  by  the  ILDC 
project  team.  Most  of  these  interrogations  originate  from  the  possible  need  for  a  road 
preparation  procedure  before  demining.  Some  of  the  questions  to  which  answers  have  been 
found  with  this  trial  axe  shown  below.  For  each  answer,  a  series  of  IR  images  describing 
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IR  Signature  of  the  TMA-3  and  the  IR  Surrogate 


Wainwright,  July  28  1995 
Route  #2,  Sand  Road 
time:  04:08 


FIGURE  34  -  Picture  of  the  IR  signatures  associated  with  the  AT  surrogate  and  the 
TMA3  (circled  blobs).  This  evidence  tends  to  confirm  the  validity  of 
the  designed  AT  surrogate. 

the  time  evolution  of  the  effect  investigated  is  referred.  All  the  experimental  results  were 
obtained  during  the  optimum  daytime  period  on  a  packed  gravel  road. 

What  is  the  effect  of  vehicle  traffic  on  the  IR  signatures  of  the  buried  mines  ? 

This  question  may  appear  inappropriate  because  mines  are  designed  to  detonate 
when  a  vehicle  is  passing  over  them.  This  would  be  the  case  for  a  standard  vehicle.  However, 
the  vehicle  developed  for  the  ILDC  program  is  especially  designed  to  show  a  tire  ground 
pressure  below  the  detonation  threshold  of  usual  AT  mines.  With  this  capability  introduced, 
it  is  important  to  evaluate  the  effect  of  the  passage  of  vehicles  on  the  IR  signatures  of  the 
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buried  mines.  To  evaluate  this  aspect,  the  effect  associated  with  the  passage  of  a  “Bison” 
(a  Canadian  personnel  carrier  vehicle)  over  a  packed  gravel  road  was  investigated  12 .  As 
shown  in  Fig.  35,  the  modification  of  the  IR  signatures  of  the  buried  mines  generated  by 
this  vehicle  is  minimal. 

What  is  the  effect  of  chain  sweeping  on  the  IR  signatures  of  the  buried  mines  ? 

This  interest  originates  from  the  possible  need  to  clear  the  road  from  booby  traps. 
For  that  investigation,  a  chain  was  held  across  the  road  by  a  “U”  type  rack  and  was  pushed 
by  a  low  ground  pressure  vehicle  over  the  buried  mine  site.  Figure  36  shows  four  IR  pictures 
of  the  buried  mine  site  before  and  after  “chain  sweeping”  the  road.  It  is  observed,  for  a  low 
IR  contrast  situation,  that  the  effect  of  chain  sweeping  affects  only  slightly  the  IR  signatures 
of  the  buried  mines. 

What  is  the  effect  of  road  sweeping  on  the  IR  signatures  of  the  buried  mines  ? 

With  the  possible  road  preparation  procedure,  an  interest  for  improving  the  IR 
detection  of  buried  mine  sites  by  sweeping  the  loose  gravel  off  the  road  was  introduced. 
This  question  undermines  also  that  loose  gravel  spreading  may  be  a  method  of  reducing 
the  detection  efficiency  of  the  IR  technology  and  sweeping  the  road  may  reduce  the  effect 
of  this  countermeasure.  Figure  37  shows  four  IR  pictures  of  a  buried  mine  site  before  and 
after  sweeping.  The  site  was  first  generously  covered  with  loose  gravel.  On  that  picture, 
one  can  see  the  serious  camouflage  effect  resulting  from  this  action.  On  the  second  picture, 
we  observe  that  the  IR  signatures  disappear  immediately  after  the  action  of  sweeping  the 
road.  Then,  less  than  40  minutes  later,  the  IR  signatures  of  the  buried  mines  are  back  and 

show  much  better  spatial  definitions.  With  this  result,  it  is  obvious  that  sweeping  the  loose 

12Using  a  “Bison”  instead  of  the  ILDC  vehicle  establishes  an  upper  limit  (a  Bison  is  much  heavier  than  the 
ILDC  vehicle)  for  the  effect  of  the  passage  of  a  low  ground  pressure  vehicle  on  the  buried  mine  IR  signatures. 
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Traffic  Effect  (Bison) 


after  second  pass  (14: 19)  after  third  pass  (14:20) 


FIGURE  35  —  Effect  of  vehicle  traffic  on  the  IR  signatures  of  buried  mines.  Pictures 
of  the  effects  of  the  passage  of  a  “Bison”  (a  Canadian  personnel  carrier 
vehicle)  on  the  IR  signatures  of  the  buried  mines  on  a  packed  gravel 
road.  As  observed,  the  effect  of  low  intensity  vehicle  traffic  is  minimal 
on  this  type  of  road. 
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after  second  pass  (13:32)  after  third  pass  (13:33) 


FIGURE  36  —  Effect  of  “chain  sweeping”  on  the  IR  signatures  of  buried  mines.  Pic¬ 
tures  of  the  effect  of  the  passage  of  a  low  ground  pressure  vehicle  pu¬ 
shing  a  “U”  type  rack  holding  a  chain  across  the  packed  gravel  road. 
For  this  low  IR  contrast  situation,  it  is  observed  that  this  action  affects 
only  slightly  the  contrast  of  the  IR  signatures  of  buried  mines. 
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gravel  off  a  packed  gravel  road  produces  beneficial  effects  on  the  IR  detection  efficiency. 

Observation  of  a  Temperature  Contrast  Anomaly 

In  Chapter  2.0,  the  daily  evolution  of  the  temperature  contrasts  of  buried  mines  are 
described  as  four  distinct  periods:  optimum  daytime,  evening  transition,  optimum  night¬ 
time  and  morning  transition  periods.  However,  this  representation  of  the  temperature 
contrast  daily  evolution  describes  only  a  general  behaviour.  Figure  38  shows  the  occurrence 
of  a  temperature  contrast  anomaly.  This  anomaly  was  created  by  the  approach  of  dark 
grey  clouds  associated  with  a  cold  front.  The  effect  of  this  anomaly  is  to  seriously  modify 
the  heat  exchange  state  between  the  soil  and  the  atmosphere,  which  completely  erases  the 
temperature  contrasts  of  the  buried  mines  for  almost  an  hour.  After  that  period,  the  heat 
exchange  between  the  atmosphere  and  the  soil  came  back  to  a  new  heat  exchange  state 
allowing  the  return  of  the  IR  contrasts  of  the  buried  mines.  This  kind  of  phenomenon 
supports  the  need  for  a  monitoring  technique  as  the  measure  of  the  temperature  gradient 
in  the  soil  to  predict  unexpected  situations  as  this  one  where  IR  detection  technology  may 
perform  poorly. 

4.4  MWIR  Trials 

At  the  early  stage  of  the  ILDC  program,  it  was  necessary  to  purchase  rapidly 
an  IR  camera  to  evaluate  the  capability  of  this  technology  to  detect  buried  mines.  At 
that  moment,  it  was  decided,  based  on  published  literature  and  accumulated  expertise,  to 
acquire  a  LWIR  camera.  However,  as  the  experimental  evaluation  of  the  LWIR  camera 
(the  THV-1000)  evolved,  it  became  important  to  compare  its  detection  capacity  with  an 
MWIR  camera.  To  achieve  this  comparison  in  an  acceptable  fashion,  the  THV-1000  LWIR 
camera  and  the  IR-M500  (and  subsequently  the  IR-M600)  were  positioned  side  by  side  on 
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Sweeping  Effect 


(14:05) 


(15:00) 


FIGURE  37  —  Pictures  of  the  effects  of  sweeping  the  loose  gravel  off  the  road.  Beside 
a  short  period  after  sweeping  where  the  IR  contrasts  disappear,  one 
can  observe  that  sweeping  the  loose  gravel  off  a  packed  gravel  road 
improves  the  temperature  contrasts  and  the  spatial  aspects  of  the  IR 
signatures  of  the  buried  mines. 
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sept.28, 15:10  sept.28,  15:50 


FIGURE  38  -  Pictures  of  the  effects  of  drastic  weather  changes  on  the  IR  contrasts 
of  the  buried  mines.  The  effect  of  this  anomaly  (the  approach  of  a  cold 
front)  is  to  stop  the  heat  exchange  between  the  atmosphere  and  the 
ground,  which  contributes  to  reduce  strongly  (almost  completely)  the 
IR  contrasts  of  the  buried  mines.  After  the  passage  of  the  cold  front 
(more  than  one  hour  later),  heat  exchanges  between  the  atmosphere 
and  the  soil  are  re-established  and  the  IR  contrasts  of  the  buried  mines 
reappear. 
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the  camera  holder  of  the  trial  vehicle  described  in  Section  3.3.  Then,  multiple  passes  on  the 
“Radar  Road”  trial  site  were  performed  during  optimum  day  and  optimum  night  periods. 
This  trial  took  place  in  October  1995.  The  results  of  this  comparison  trial  are  summarized 
in  Table  X  and  in  the  following  comments. 


TABLE  X 


Comparison  between  the  THY- 1000  and  the  IR-M600 


IR-M600 

THV-1000 

Temperature  sensitivity  (1) 

limited 

good 

Input  capability  (2) 

limited 

good 

Output  capability  (3) 

limited 

good 

Image  quality  (4) 

best 

good 

Robustness  (5) 

good 

good 

Cost  (6) 

~US$90k 

~US$105k 

Notes:  The  numbers  between  parentheses  refer  to  the  comments  below. 


(1)  Prom  visual  inspection  of  the  night-time  video  recordings,  the  two  cameras  present 
sensibly  the  same  intrinsic  temperature  sensitivity  even  at  environmental  tempera¬ 
tures  as  low  as  -10°C.  However,  it  has  been  observed  by  inspecting  the  daytime  video 
recordings  that  the  MWIR  camera  shows  much  higher  sensitivity  to  extrinsic  tempe¬ 
rature  noise.  It  is  believed  that  this  higher  extrinsic  noise  sensitivity  originates  from 
the  higher  sun  radiation  content  in  the  MWIR  band,  which  increases  the  apparent 
temperature  clutters  of  the  soil  surface.  It  may  be  possible  to  reduce  this  effect  by 
using  optical  filters.  However,  the  use  of  filters  will  also  reduce  the  incoming  radiative 
signal  which  may  deteriorate  the  intrinsic  temperature  sensitivity. 

(2)  The  IR-M600  presents  less  flexibility  for  the  grey  mapping  adjustments  of  the 
output  image  than  the  THV-1000.  Also,  the  IR-M600  do  not  have  standard  com¬ 
munication  compatibilities  for  remote  control  application.  This  reduces  seriously  its 
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capability  to  be  integrated  in  a  centralized  control  station. 

(3)  The  IR-M600  camera  does  not  give  access  to  the  full-scale  internal  digitized  signals 
contrary  to  the  THV-1000.  That  limits  severely  most  image  postprocessing  and  ther¬ 
mographic  quantitative  measurements  made  outside  the  original  dedicated  processing 
boxes. 

(4)  The  nominal  image  resolution  taken  at  the  RS-170  outputs  of  the  two  cameras 
should  be  quite  similar  based  on  the  technical  specifications  stated  by  the  two  com¬ 
panies.  However,  the  Focal  Plane  Array  (FPA)  technology  used  by  the  IR-M600 
provides  a  better  stabilized  (clearer)  images  than  the  THV-1000. 

(5)  ILDC  Notes:  Following  the  manufacturer’s  specifications,  it  appears  that  the 
Mean  Time  Between  Failure  (MTBF)  of  the  LWIR  camera  is  dictated  by  the  lifetime 
of  the  Stirling  cooler  as  it  is  the  case  for  the  MWIR  camera.  That  implies,  if  the 
cameras  react  similarly  to  the  working  environment,  that  the  two  IR  imagers  should 
show  comparable  MTBF  (see  Tables  II  and  III). 

(6)  ILDC  Notes:  The  prices  shown,  dated  June  1996,  are  for  the  basic  package 
(camera  head,  remote  control,  power  supply)  and  include  wide  field  of  view  lenses. 
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5-0  DISCUSSION 

In  the  previous  chapters,  many  theoretical  and  experimental  results  are  reported. 
For  most  parties  interested  in  the  described  subjects,  it  may  appear  difficult  to  withdraw  the 
main  principles  emerging  from  these  accumulated  information.  To  reduce  these  difficulties, 
the  present  section  aims  at  summarizing  the  principal  consequences  associated  with  the  use 
of  LWIR  imaging  technology  to  detect  buried  landmines.  The  discussed  concepts  are  referred 
to  the  specific  supporting  experimental  results  or  theoretical  models  and  are  presented 
especially  to  answer  already  identified  questions  of  interest  for  the  Improved  Landmine 
Detection  Capability  (ILDC)  committee. 

A)  What  are  the  basic  phenomena  at  the  origin  of  the  IR  signature  of  buried 
landmines  ? 

The  IR  signature  of  a  buried  landmine  is  essentially  associated  with  a  temperature 
difference  at  the  soil  surface  between  the  buried  mine  site  and  its  immediate  surroundings,  as 
described  in  detail  in  Section  2.1.  This  temperature  difference  results  from  two  mechanisms: 
the  local  increase  of  the  soil  heat  impedance  and  the  heat  exchange  cycle  between  the 
atmosphere  and  the  soil.  The  first  mechanism,  the  soil  heat  impedance  change  associated 
with  buried  landmines,  can  be  related  to  surface  and  (or)  volume  thermal  effects.  The 
surface  thermal  effect  is  related  to  the  formation  of  a  disturbed  thin  layer  of  soil  on  the 
surface  of  the  buried  mine  site  which  shows  a  poor  thermal  contact  with  the  deeper  soil 
layers.  This  thin  layer  of  soil  is  created  by  the  human  activities  associated  with  the  action 
of  burying  the  mine.  The  surface  thermal  effect  is  highly  sensitive  to  atmospheric  radiation 
level,  provides  a  poor  spatial  information  about  the  exact  position  of  the  buried  mine 
(signature  can  easily  cover  1  m2  area),  last  only  few  days  (depending  on  weather  conditions), 
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and  does  not  occur  on  uncompacted  roads  (as  sand  roads) .  On  the  other  hand,  the  volume 
thermal  effects  are  related  to  the  high  heat  impedance  of  the  mine  (a  few  times  higher 
than  the  one  associated  with  the  soil)  and  the  higher  heat  impedance  associated  with  the 
disturbed  soil  covering  the  mine  itself  (which  is  named  the  hole  effect).  These  volume 
thermal  effects  provide  usually  precise  information  on  the  position  of  the  mine  and  even  on 
the  mine  itself  (see  Subsection  4.2.3).  This  is  also  the  predominant  effect  responsible  for 
the  buried  mine  IR  signature  at  night.  The  hole  effect  can  last  for  a  few  months  depending 
on  weather  conditions  and  is  not  present  on  uncompacted  roads  as  sand  roads.  As  noted  in 
a  previous  report  (Ref.  8),  if  the  IR  signature  of  a  buried  mine  is  related  to  the  presence  of 
the  mine  exclusively  (no  surface  or  hole  effects),  the  temperature  contrast  associated  with 
the  mine  becomes  undetectable  when  the  mine  is  buried  at  depths  greater  than  10  cm. 
The  second  mechanism  at  the  origin  of  the  formation  of  the  buried  mine  IR  signature,  the 
heat  flow  between  the  atmosphere  and  the  soil,  follows  a  24-hour  cycle  which  can  be  split 
into  four  distinct  sequences:  the  optimum  night-time  period  during  which  the  heat  flow  is 
maximized  from  the  soil  to  the  atmosphere,  the  optimum  daytime  period  during  which  the 
heat  flow  is  maximized  from  the  atmosphere  to  the  soil,  and  two  transition  periods  during 
which  the  heat  flow  changes  direction  (morning  and  evening  transition  periods).  These  four 
periods  represent  well  on  average  the  heat  exchange  evolution  cycle  but  can  be  altered  by 
specific  weather  conditions. 

B)  How  the  IR  signature  of  a  buried  mine  is  detected  ? 

The  difference  in  temperature  associated  with  a  buried  mine  site  is  detected  by 
a  thermal  imager  (or  IR  camera).  A  thermal  imager  measures  the  apparent  temperature, 
which  is  the  product  of  the  emissivity  and  the  absolute  temperature.  A  method  of  characte¬ 
rizing  the  efficiency  at  which  the  thermal  imager  detects  the  apparent  temperature  difference 
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of  a  buried  mine  is  the  ratio  between  the  apparent  temperature  contrast  associated  with 
the  buried  mine  and  the  background  noise  observed  in  the  IR  image.  Better  is  this  ratio, 
better  will  be  the  detection  efficiency  (and  lower  the  false  alaxm  rate)  of  a  human  operator 
monitoring  the  IR  images  or  an  automatic  target  detection  (ATD)  algorithm.  The  first 
parameter  defining  the  detection  efficiency,  the  temperature  contrast  associated  with  a 
buried  mine,  is  essentially  dictated  by  the  mechanisms  described  in  the  previous  paragraph: 
the  heat  impedance  difference  and  the  heat  flow  between  the  atmosphere  and  the  soil.  On 
the  other  hand,  the  background  noise  of  an  IR  image  may  originate  from  intrinsic  or  extrinsic 
noise  sources.  The  intrinsic  noise  sources  are  associated  with  the  IR  camera  itself  and  axe 
characterized  by  the  technical  specifications  of  the  camera  (as  the  NETD).  The  extrinsic 
noise  sources  are  mainly  related  to  the  fast  spatial  variation  of  the  apparent  temperature 
in  the  IR  scene.  This  spatial  variation  of  the  apparent  temperature  is  directly  related  to 
the  atmospheric  radiation  level  (mainly  sun  radiation).  That  is  why  we  usually  name  this 
type  of  noise  “radiation  cluttering”  and  is  the  dominant  noise  source  during  daytime.  The 
fact  that  the  IR  image  background  noise  is  dictated  by  the  intrinsic  noise  during  night-time 
and  by  the  extrinsic  noise  during  daytime,  which  is  usually  greater  than  the  intrinsic  noise 
for  efficient  thermal  camera,  explains  the  higher  apparent  temperature  contrast  threshold 
of  detection  during  daytime  reported  in  Table  VI.  This  background  noise  phenomenon 
supports  the  higher  detection  efficiency  and  lower  false  alarm  rate  reported  during  the 
night-time  periods  in  the  Wainwright  trial  (Subsection  4.2.2). 

C)  What  are  the  efficiency  and  false  alarm  rate  expected  from  IR  buried  land¬ 
mine  detection  technology  ? 

Because  of  the  environmental  effects  on  the  magnitude  of  the  heat  flow  between  the 
atmosphere  and  the  soil  (see  the  paragraph  answering  question  A)),  the  detection  efficiency 
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and  the  false  alarm  rate  vary  greatly  with  the  time  of  day  at  which  the  technology  is  used. 
From  the  Wainwright  trial  (Subsection  4.2.2),  which  has  been  designed  to  simulate  the 
operational  scenario  addressed  by  the  ILDC  project,  the  detection  efficiency  fluctuates  (see 
Table  IX)  from  around  40  %  to  close  to  100  %  for  anti-tank  mines  and  from  less  than 
10  %  to  more  than  60  %  for  antipersonnel  mines  buried  on  packed  gravel  and  sand  roads. 
During  that  trial,  we  have  observed  an  important  improvement  of  the  detection  efficiency 
during  night-time  because  of  the  lower  radiation  cluttering  noise  at  that  period  and  over 
packed  gravel  road.  We  believe  that  the  higher  detection  efficiency  on  the  packed  gravel 
road  compared  with  the  sand  road  is  related  to  the  exclusive  presence  of  the  thermal  surface 
effect  and  the  hole  effect  over  the  first  type  of  road.  Also  from  that  trial,  the  false  alarm  rate 
(all  types  together)  varies  from  0.02  m~2  to  0.06  m-2.  Once  again,  the  lowest  false  alarm 
rate  are  observed  during  night-time  where  the  radiation  cluttering  noise  is  minimized. 

D)  What  are  the  environmental  impacts  on  IR  detection  technology  ? 

As  pointed  out  in  the  answers  to  Questions  A  and  C,  the  main  factor  dictating  the 
efficiency  of  the  technology  is  the  magnitude  of  the  heat  flow  between  the  atmosphere  and 
the  soil.  Beside  the  time  of  day,  this  heat  flow  can  be  affected  in  many  ways.  One  of  them 
is  by  a  rainfall.  The  main  effect  of  rain  is  to  modify  the  thermodynamic  equilibrium  state 
of  the  soil  by  adding  matter  at  a  different  temperature.  If  the  rainfall  is  important,  the 
modification  to  the  heat  flow  dynamic  can  be  sufficient  to  completely  erase  the  IR  signatures 
of  buried  mines.  However,  it  has  been  observed  (Ref.  16)  that  a  light  rainfall  may  improve 
the  detection  efficiency.  It  is  believed  that  this  improvement  is  related  to  the  radiation 
cluttering  noise  reduction  by  soil  surface  water  flushing.  These  conditions,  even  if  the  heat 
flow  between  the  atmosphere  and  the  soil  is  reduced,  may  still  result  with  an  improvement 
of  the  apparent  temperature  contrast  to  background  noise  ratio. 
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Another  mechanism  altering  the  heat  flow  between  the  atmosphere  and  the  soil  is  < 
the  presence  of  insulating  layers  at  the  surface  of  the  soil.  Examples  of  natural  insulating 
layers  are  fresh  snow  or  dead  vegetation.  However,  it  has  been  observed  that  compact  snow 
is  not  a  severe  limitation  to  the  formation  of  the  IR  signature  of  a  buried  mine  if  that  snow 
is  not  too  thick  (see  the  results  of  January  18,  1995,  p.  A5).  Adding  artificially  loose  gravel 
on  a  buried  mine  site  will  also  act  as  an  insulating  layer  and  will  show  some  camouflage 
properties  (see  Sweeping  Effect,  p.  75).  However,  the  spreaded  loose  gravel  will  also  show 
surface  thermal  effect  if  the  time  period  since  the  spreading  is  not  too  long  (a  few  days). 

Another  environmental  effect  reducing  severely  the  IR  signature  of  mines  buried  on 
sand  roads  is  the  wind  (see  the  description  entitled  “The  effect  of  the  wind  on  the  efficiency 
of  detection"  on  page  69).  The  action  of  the  wind  is  to  regularly  move  the  thin  sand  layer 
at  the  surface  of  the  soil,  which  does  not  allow  the  formation  of  a  stable  IR  signature.  On 
packed  gravel  road,  this  wind  effect  on  the  IR  contrasts  of  buried  mines  is  negligible. 

The  effect  of  the  presence  of  shadowy  areas  on  the  road  has  been  investigated  (see 
the  description  entitled  “IR  Detection  over  Shadowy  Road”  on  page  61).  As  reported  by 
an  other  work  (Ref.  16),  the  IR  signature  of  a  buried  mine,  even  if  reduced,  can  be  seen 
on  shadowy  surfaces.  It  is  believed  that  the  real  difficulties  associated  with  this  situation 
is  the  necessary  contrast  adjustments  to  present  in  an  optimum  fashion  the  IR  scene  to  the 
human  operator  and  the  possible  increase  of  false  alarms,  depending  on  the  shape  of  the 
shadow. 


Finally,  it  is  important  to  note  that  the  atmospheric  temperature  (cold  or  warm)  is 
not  an  absolute  limiting  factor  in  the  formation  of  IR  signature  as  observed  in  the  results 
shown  in  Figs.  19,  20,  21  and  22.  A  parameter  more  related  to  the  formation  of  this 
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signature  is  the  atmospheric  temperature  difference  between  day  and  night.  However,  this 
method  has  the  disadvantage  of  being  imprecise  and  not  sensitive  to  weather  anomalies  as 
the  one  shown  in  Fig.  38.  Fortunately,  as  described  in  the  paragraph  of  Question  E,  there 
is  a  simple  technique  allowing  a  direct  and  fast  monitoring  of  the  heat  flow  between  the 
atmosphere  and  the  soil. 

E)  Are  there  any  ways  of  improving  IR  detection  technology  ? 

There  are  two  important  actions  which  will  improve  significantly  the  performance  of 
IR  technology  to  detect  buried  landmines:  perform  demining  operations  during  night-time 
and  monitor  the  soil  temperature  gradient.  It  is  understood  that  night-time  demining  may 
be  difficult  to  achieve  if  not  impossible,  depending  on  the  operational  scenario.  Nevertheless, 
it  has  been  observed  from  direct  measurements  (see  the  paragraph  entitled  “Human  IR 
Detection  Threshold  Measurements”  on  page  39)  and  from  operational  simulations  (see 
quantitative  results  from  the  Wainwright  trial  in  Table  IX)  that  the  contrast  to  background 
noise  ratio  of  the  night-time  IR  images  allows  an  easier  identification  of  the  buried  mine  sites 
(thus  improving  detection  efficiency)  and  that  the  false  alarm  rate  is  significantly  reduced 
during  that  period  (see  Table  IX). 

On  the  other  hand,  the  soil  temperature  gradient  monitoring  method  described  in 
Section  2.4  demonstrated  a  good  correlation  with  the  magnitude  of  the  buried  mine  IR  si¬ 
gnature  created  by  the  volume  thermal  effects  (see  the  results  in  Sections  4.1  and  4.2).  This 
monitoring  technique  has  the  advantages  of  characterizing  directly  the  heat  flow  between 
the  atmosphere  and  the  soil,  while  taking  into  account  the  soil  heat  impedance.  However, 
a  serious  limitation  of  this  technique  is  the  spatial  correlation  validity  of  the  measure. 
Because  of  the  variation  of  the  weather  conditions  over  large  distances,  especially  in  regions 
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with  rapid  geographic  changes  (as  mountainous  areas),  the  measure  of  the  soil  heat  flow 
may  vary  significantly  with  the  increasing  distance  and  affect  the  prediction  efficiency  of  this 
technique.  The  level  of  this  correlation  has  been  evaluated  in  the  Canadian  Prairies  (see  the 
description  entitled  “Spatial  Correlation  of  the  Temperature  Gradient  Measurements”  on 
page  69).  It  was  observed,  for  a  separating  distance  of  3.5  km,  that  70  %  of  the  temperature 
gradient  measurements  were  equivalent  within  15  %.  It  is  interesting  to  observe  that  the 
greater  relative  differences  were  all  observed  at  night  13 .  At  the  present  time,  it  is  believed 
that  characterization  technique  may  not  relate  precisely  the  temperature  gradient  to  the 
IR  contrast  of  a  mine  buried  at  a  specific  depth,  but  should  identify  in  an  acceptable 
manner  the  optimum  periods  (optimum  day  and  optimum  night  periods)  during  which  the 
IR  detection  technique  performs  at  its  best.  It  is  also  believed  that  this  characterization 
technique  should  be  helpful  in  the  detection  of  weather  anomalies.  In  that  direction,  more 
work  needs  to  be  done  to  define  satisfactory  temperature  gradient  thresholds  that  would 
correspond  to  acceptable  thermal  contrast  for  the  detection  of  buried  mines.  These  thres¬ 
holds  may  depend  on  the  type  of  road  investigated  and  the  expected  depths  of  the  buried 
mines  to  detect. 

F)  What  would  be  the  effects  of  a  “road  preparation”  procedure  on  IR  detection 
technology  ? 

At  the  beginning  of  the  ILDC  project,  the  need  for  preparing  the  road  before  a 
demining  operation  was  identified.  The  function  associated  with  this  road  preparation 
procedure  is  to  neutralize  booby  traps  and  antipersonnel  mines  which  may  be  handled 
poorly  by  the  ILDC  detection  vehicle.  With  that  possibility,  a  question  arises:  will  this 

procedure  affect  the  performance  of  IR  detection  technology. 

13It  is  difficult  to  relate  with  certainty  this  discrepancy  to  a  night-time  phenomenon  or  to  a  numerical 
evaluation  artifact. 
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For  simple  road  preparation  procedure  in  which  only  chain  sweeping  or  vehicle  traffic 
are  involved,  we  have  verified  experimentally  (see  Section  4.3)  that  their  effects  on  the  IR 
detection  efficiency  of  buried  mine  sites  are  negligible.  We  have  also  verified  that  the  effect 
of  grading  completely  the  road  (as  for  packed  gravel  road  maintenance)  only  eliminates  the 
surface  thermal  effect  without  completely  eliminating  the  IR  signature  of  the  buried  mine 
if  the  soil  cover  thickness  is  not  too  large  (see  the  description  entitled  “The  Effect  of  Road 
Grading  on  the  IR  Signature  of  Buried  Mines”  on  page  71).  However,  we  can  anticipate  from 
the  description  of  the  basic  phenomena  at  the  origin  of  the  formation  of  the  IR  signatures 
of  buried  mines  that  the  use  of  a  severe  road  disturbing  tool  as  a  military  flail  will  seriously 
increase  the  number  of  surface  and  volume  thermal  distortions  and  may  increase  the  false 
alarm  rate  to  a  level  that  makes  the  IR  detection  technique  inapplicable.  This  effect  should 
be  important  only  on  compacted  roads  where  surface  and  volume  effects  are  important. 

Beside  the  negative  aspects,  there  are  potential  advantageous  operations  for  IR 
detection  which  may  be  performed  by  the  road  preparation  vehicle.  A  first,  one  is  sweeping 
any  insulating  layers  off  the  road  (see  the  sweeping  effect  in  Section  4.3).  A  second  one 
is  to  increase  the  radiation  absorption  of  the  road  by  using  black  paint.  This  action  has 
the  advantages  of  increasing  the  heat  flow  into  the  ground  and  of  making  uniform  the  road 
surface  emissivity.  Finally,  another  potential  function  performed  by  the  preparation  vehicle 
could  be  to  produce  a  drizzle  on  the  road  to  reduce  the  radiation  cluttering  noise.  Even  if 
these  actions  by  a  road  preparation  vehicle  may  improve  the  efficiency  of  the  IR  detection 
technique,  they  are  not  necessary  to  achieve  an  acceptable  performance  level. 
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6.0  CONCLUSIONS 

With  the  increasing  threats  of  low  and  nonmetallic  buried  landmines  during  peace¬ 
keeping  operations,  the  capabilities  of  passive  IR  imaging  technology  as  a  mine  detector  has 
been  extensively  investigated  under  the  Improved  Landmine  Detection  Capability  (ILDC) 
program.  For  the  last  year  and  a  half,  multiple  trials  have  been  performed  at  different  pe¬ 
riods  of  the  year  and  the  day  on  packed  gravel  and  sand  roads  in  different  parts  of  Canada. 

With  the  information  acquired  from  these  trials,  basic  models  are  established  to 
improve  the  understanding  of  the  formation  of  the  buried  mine  IR  signature.  From  this 
study,  two  basic  variables,  the  heat  flow  between  the  atmosphere  and  the  soil  and  the 
impedance  anomaly  created  by  the  buried  mine,  have  been  identified  as  the  main  factors 
dictating  the  contrast  of  these  IR  signatures.  Furthermore,  two  thermal  effects  behind  the 
impedance  anomaly  created  by  the  buried  mine,  the  surface  and  volume  thermal  effects, 
have  been  observed  and  characterized  in  relation  with  the  surrounding  parameters  (time, 
weather,  and  burying  depth).  It  is  observed  that  the  surface  effects  and  the  hole  effect,  one 
of  the  components  contributing  to  the  volume  effects,  last  a  few  weeks  and  a  few  months, 
respectively,  after  the  burying  operation.  Furthermore,  from  previous  work  (Ref.  8)  and 
also  from  some  results  shown  in  this  report,  it  is  verified  that  if  only  the  presence  of  the 
mine  contributes  to  the  IR  signature,  this  signature  becomes  undetectable  if  the  mine  is 
buried  at  a  depth  greater  than  10  cm. 

Also  from  these  basic  models,  a  technique,  the  temperature  gradient  measurement, 
is  identified  as  a  valid  tool  allowing  the  prediction  of  the  performance  of  IR  detection 
technology  by  monitoring  the  heat  flow  between  the  atmosphere  and  the  soil. 
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In  parallel  with  the  improvement  of  the  understanding  of  IR  detection  technology, 
many  of  the  reported  trials,  which  were  designed  to  simulate  as  close  as  possible  the  opera¬ 
tional  scenarios  addressed  by  the  ILDC  program,  allow  a  precise  practical  evaluation  of  the 
capacity  of  IR  imaging  technology  to  detect  buried  mines.  Fundamental  parameters  as  the 
apparent  temperature  contrast  thresholds  of  detection  for  a  human  operator  (0.5-0. 6  °C  at 
night  and  2-2.5  °C  during  the  day),  the  detection  efficiencies  (40-100  %  for  AT  and  0-75  % 
for  AP),  and  the  false  alarm  rates  (.02-.06  m-2)  are  reported  in  relation  with  time  of  day, 
type  of  road,  and  under  winterlike  conditions.  From  these  trials,  significative  improvements 
of  these  fundamental  parameters  were  observed  at  night,  when  the  IR  radiation  cluttering 
is  minimal,  and  over  packed  gravel  roads.  Also,  a  series  of  observations  on  the  behaviour 
of  IR  detection  technology  under  specific  surrounding  conditions  of  interest  to  the  ILDC 
program  are  reported.  The  most  important  ones  are:  the  effect  of  shadowy  roads  that 
may  degrade  the  capacity  of  the  operator  to  recognize  a  buried  mine  site  if  the  shadow 
covers  only  partially  the  road  in  the  FOV  of  the  IR  camera,  and  a  strong  wind  that  reduces 
detection  efficiency  over  unpacked  roads  (as  sand  roads). 

Finally,  in  view  of  the  results  reported  in  this  document,  it  is  believed  that  passive 
IR  imaging  would  be  a  valuable  detection  technology  when  included  in  a  multisensor  vehicle 
as  the  one  developed  by  the  ILDC  program  and  impressive  performance  can  be  achieved 
with  this  technology  under  the  optimum  conditions  identified  in  this  document. 
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APPENDIX  A 

Winter  Trial  Specific  Descriptions 

In  this  appendix,  specific  remarks  gathered  during  the  winter  trial  axe  reported.  Information 
as  date,  time,  and  weather  conditions  for  a  specific  pass  are  given.  Also,  specific  notes 
about  the  conditions  under  which  the  pass  has  been  done  may  be  provided.  These  short 
descriptions  are  grouped  by  month  (December  or  January)  and  time  of  day  (day  or  night) 
at  which  the  passes  were  done. 

Enumeration  of  the  Specific  Descriptions  for  Each  Pass  Identified  in  Fig.  19: 

1.  Dec.  1,  1994,  16:00:  First  pass  after  burying  the  mine  surrogates.  In  the  last 
few  hours,  large  amount  of  snow  melted  living  large  moisture  inhomogeneities  across 
the  road  easily  observable  with  the  IR  camera.  A  possible  reason  for  the  higher  AP 
detection  efficiency  may  be  related  to  their  shallow  depths. 

2.  Dec.  2,  1994,  15:00:  Small  amount  of  snow  fell  through  the  day.  Wind  blowing 
and  accumulation  of  snow  on  part  of  the  road.  First  observation  of  buried  mine  IR 
signatures  cover  by  compressed  snow  (under  the  tire  prints  of  the  trial  vehicle). 

3.  Dec.  3,  1994,  15:00:  Scattered  cloud.  Light  snow  (between  0.5  and  1  cm  thick) 
covering  the  road  more  or  less  uniformly.  First  observation  of  the  effect  of  snow  cover 
on  detection  and  false  alarm  rates. 

4.  Dec.  5,  1994,  15:00:  Clear  and  sunny  day.  Snow  cover  has  reduced  but  still 
distributed  accumulations  on  sections  of  the  road.  Situation  in  which  grazing  sun  rays 
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create  important  surface  thermal  cluttering.  Volume  thermal  effect  are  negligible,  but 
buried  mine  sites  easily  detectable  by  surface  texture  effects.  However,  as  described 
in  the  text  at  the  beginning  of  the  section,  this  effect  is  deliberately  ignored.  Because 
of  high  cluttering,  false  alarms  are  not  evaluated. 

5.  Dec.  7,  1994,  15:35:  Situations  very  similar  to  the  previous  ones  (Dec.  5,  1994, 
15:00).  Last  pass  of  the  month  with  snow  traces  on  the  road. 

6.  Dec.  8,  1994,  14:10:  First  pass  where  the  surface  thermal  effect  is  considered  as 
a  valid  detection  tool.  Even  if  identified  as  detected,  most  AP  IR  blobs  cannot  be 
distinguished  from  the  AT  IR  blobs  (see  Fig.  14  for  the  position  of  the  AP  mines 
relative  to  their  associated  AT  mines). 

7.  Dec.  12,  1994,  15:00:  Clear  and  sunny  with  a  light  breeze.  Situations  similar  to 
Dec.  8  (daytime). 

8.  Dec.  15,  1994,  15:00:  Partially  cloudy  and  warm  breeze.  Situations  similar  to 
Dec.  8  and  12.  However,  a  few  AP  IR  blobs  begin  to  be  distinguishable  from  their 
associated  AT  IR  blobs. 

9.  Dec.  19,  1994,  14:50:  Windy  with  thinly  scattered  cloud.  Situations  similar  to 
Dec.  8,  12  and  15  (daytime).  However,  for  this  pass  and  the  following  ones,  the 
criterion  for  AP  mine  detection  has  changed.  It  is  now  necessary  to  have  a  separated 
AP  IR  blob  to  be  identified  as  detected.  In  this  pass,  no  AP  IR  blobs  are  clearly 


distinguishable. 
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10.  Dec.  22,  1994,  15:00:  Warm  and  sunny  day  with  light  wind.  Situations  similar 
to  Dec.  8,  12,  15  and  19  (daytime)  but  with  good  volume  thermal  effect.  Only 
distinguishable  AP  IR  blobs  are  considered  as  detected. 

Enumeration  of  the  Specific  Descriptions  for  Each  Pass  Identified  in  Fig.  20: 


1.  Dec.  2,  1994,  5:00:  First  observation  of  the  advantages  associated  with  night-time 
observation:  AT  and  AP  IR  blobs  show  clearly  the  positions  and  shapes  of  the  buried 
mines,  false  alarm  appears  less  severe  than  daytime.  No  snow. 

2.  Dec.  5,  1994,  5:00:  Road  state  similar  to  the  Dec.  2  pass  (night-time)  but  with  small 
snow  accumulation  on  some  sections  of  the  road.  First  impressive  volume  thermal 
contrast  observed  during  night-time. 

3.  Dec.  6,  1994,  5:15:  Similar  remarks  to  the  pass  of  Dec.  5  (night-time). 

4.  Dec.  7,  1994,  5:00:  A  case  of  poor  night  thermal  contrast.  No  obvious  reason 
explaining  this  result.  May  be  a  case  in  which  the  temperature  gradient  measurement 
technique  would  be  useful  as  a  predicting  tool.  Still  some  snow  patches  left  on  sections 
of  the  road. 

5.  Dec.  8,  1994,  5:00:  Cleax  sky  with  light  wind.  First  night  pass  without  snow  traces 
on  the  road.  Moderate  thermal  contrasts. 

6.  Dec.  12,  1994,  5:00:  Frost  on  grass  and  trees,  clear  sky.  Again,  a  case  of  poor  night 


thermal  contrast. 
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7.  Dec.  15,  1994,  5:00:  Light  frost  and  clear  sky.  Frost  seems  to  affect  some  IR  blobs 
by  altering  locally  their  heat  dynamic  states.  Beside  the  buried  mine  sites  touched  by 
the  frost  effect,  one  of  the  best  thermal  contrast  observed  so  far. 

8.  Dec.  19,  1994,  5:00:  Clear  sky.  Special  situation  in  which  most  buried  mines  show 
a  positive  IR  contrast.  This  effect  has  to  be  associated  with  the  special  heat  dynamic 
state  existing  at  that  moment  between  the  soil  and  the  atmosphere.  There  are  also 
few  occurrences  of  AP  IR  blobs  showing  a  negative  thermal  contrast. 

9.  Dec.  22,  1994,  5:00:  Strong  wind  and  mostly  cloudy  sky.  Again,  a  situation  of 
positive  thermal  contrast  during  night-time.  However,  the  thermal  contrast  do  not 
seem  as  high  as  Dec.  19  (night-time). 

Enumeration  of  the  Specific  Descriptions  for  Each  Pass  Identified  in  Fig.  21: 

1.  Jan.  03,  1995,  15:00:  Sunny  day  with  a  light  breeze.  Frost  on  the  road  with  snow 
traces.  A  case  in  which  the  thermal  contrasts  (volume  and  surface)  are  poor. 

2.  Jan.  10,  1995,  16:00:  Overcast  sky.  Pass  where  the  overcast  reduces  greatly  the 
sun  radiation  cluttering  effect.  IR  images  look  almost  like  those  obtained  in  night 
passes  but  with  positive  contrast.  Also,  occurrence  once  again  of  one  buried  mine  site 
with  a  negative  contrast. 

3.  Jan.  11,  1995,  15:40:  Overcast  day  with  medium  fog.  Once  again,  impressive 
situation  in  which  the  videotape  looks  like  it  has  been  done  during  night-time  but 
with  a  positive  IR  contrast.  The  contrast  is  not  as  pronounced  as  the  ones  obtained 
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during  the  best  passes,  but  the  low  level  of  cluttering  associated  with  the  weak  direct 
sun  radiation  improves  greatly  detection  efficiency  and  false  alarm  rate. 

4.  Jan.  12,  1995,  15:35:  Overcast  day  with  medium  fog.  Similar  comments  to  the 
pass  of  Jan.  10  and  11  (daytime).  Few  occurrences  of  negative  IR  contrasts. 

5.  Jan.  16,  1995,  15:45:  Overcast  day  where  a  layer  of  snow  about  2.5  inches  thick 
covers  uniformly  the  road.  See  only  the  tire  prints  left  by  the  trial  vehicle  in  the 
morning  pass.  Only  traces  of  IR  blobs  associated  with  buried  mines  are  observable 
over  the  tire  prints. 

6.  Jan.  18,  1995,  14:25:  Sunny  day.  To  investigate  the  phenomenon  of  the  formation 
of  the  buried  mine  IR  signature  covered  by  compressed  snow,  the  road  has  been  back 
bladed  in  the  morning  leaving  less  than  2  cm  of  compressed  snow  (soil  exposed  in 
some  areas).  Thermal  contrasts  observed  are  weak,  but  the  uniform  layer  of  snow 
creates  a  flatness  in  the  IR  images,  which  reduces  the  false  alarm  rate. 

Enumeration  of  the  Specific  Descriptions  for  Each  Pass  Identified  in  Fig.  22: 

1.  Jan.  03,  1995,  5:05:  Frost  and  light  snow  on  road,  clear  sky.  Again,  a  case  of  good 
night  thermal  contrast.  Most  buried  mines  not  detected  are  hidden  by  snow  patches. 

2.  Jan.  04,  1995,  6:40:  Clear  sky.  Poor  IR  contrast.  Still  some  snow  cover  on  the  side 
of  the  road. 

3.  Jan.  10,  1995,  5:55:  Clear  sky  and  light  snow  cover.  Thermal  contrasts  axe 
relatively  poor  but  sufficient  to  see  most  AT  and  AP  buried  mines. 
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4.  Jan.  11,  1995,  5:45:  Overcast,  medium  heavy  ground  fog,  light  wind  and  frost 
on  the  road.  Even  in  these  weather  conditions,  a  light  contrast  is  observed,  which  is 
sufficient  to  detect  almost  the  totality  of  the  buried  mines. 

5.  Jan.  12,  1995,  5:55:  Overcast  day  and  breezy.  A  situation  of  poor  IR  contrast. 

6.  Jan.  16,  1995,  5:40:  Overcast  day  and  2.5  inches  of  fresh  snow  on  the  road.  No 
thermal  contrast  are  observable  and  almost  no  false  alarm  for  the  whole  road  (very 
flat  image). 

7.  Jan.  19,  1995,  5:50:  Light  overcast  day  with  light  wind.  Poor  thermal  contrast 
observed.  Only  the  mines  detected  are  those  having  the  tire  print  over  them.  Also, 
few  occurrences  of  positive  contrasts. 

8.  Jan.  23,  1995,  6:26:  Very  light  ground  fog.  Medium  IR  contrasts  observed  after 
back  blading  the  road.  Still  a  few  centimetres  of  compacted  snow  left  on  the  side  of 
the  road. 

9.  Jan.  24,  1995,  5:40:  Clear  day  with  light  breeze.  A  pass  with  a  good  IR  contrast. 
Once  again,  the  snow  cover  seems  to  help  reduce  false  alarms. 
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